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Preface

Graphene, hailed as the wonder material of the 21st century, from right after its
discovery in 2004, has opened up a wide range of possibilities in terms of
technological and industrial uses. The diverse and superior properties of graphene
like high thermal stability, exorbitant mechanical strength, elevated conductivity,
large surface area, improved optical transparency and impermeability have led to a
strong pursuit of graphene commercialization. Hitherto, commercialization of
graphene is still in its start-up phase. Developing a proper pathway for product-
based graphene devices requires substantial advancements in scientific as well as
technological innovations. Considering the pressing need for the emergence of
graphene-based innovative technologies and their commercialization, global efforts
have initiated certain national and international consortiums in addition to govern-
ment agencies, to provide long term funding and support for bridging the gap
between academic research and a graphene-based device market. Due to these
collective efforts, research on graphene and graphene-based technologies is advanc-
ing at a rapid pace, keeping track of which is extremely important for the scientific
community.

This book, spread across 18 chapters, provides a precise overview of the
fundamentals as well as the state-of-the-art in the field of graphene technology. A
comprehensive review of various forms of graphene like reduced graphene oxide,
graphene quantum dots, graphene nanoribbons and functionalized graphene is
included. Separate chapters have been dedicated to discussing recent developments
in various sensing, electronic, photonic and optoelectronic applications of graphene.
The uniqueness of this book is that it covers hot topics like graphene metamaterials
and graphene-magnetism. The final chapter provides a comprehensive review of the
global market opportunities of graphene and the challenges it faces. A discussion on
the technology and innovation road map for graphene-related materials (GRMs) by
compiling the most recent status and prospects for GRM industrialization is also
included in this chapter.

Aimed for industries exploring graphene use, the book’s tone makes it accessible
to readers with a general, undergraduate background in the sciences or engineering.
Furthermore, the broad variety of topics relating to graphene and its applications
presented in a cogent form can be readily used by academicians and PhD students
pursuing their research in this field. The reader will be well equipped after finishing
this book, to advance independently in graphene research and development and to
put what they have learned there to use. The book will be self-contained, but each
chapter offers a large number of references to help readers study, research, and
explore the themes in greater depth.

xiv
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Chapter 1

Graphene: an introduction

Justin George and Debes Bhattacharyya

Graphene is a 2D wonder material that has opened up a new avenue of research into
2D material since its discovery in 2004 by Sir A K Geim and Sir K S Novoselov. It is
a 2D sheet of sp2 hybridized carbon arranged in a hexagonal lattice, which makes it
the strongest material on Earth with many peculiar optical, electrical and electronic
properties. This chapter discusses the structure and properties of graphene and its
characterization. The chapter begins by exploring the atomic and electronic
structure of graphene, followed by its optical, mechanical and electronic properties,
such as the quantum hall effect and the Klein paradox. In the last part of the
chapter, characterization of graphene through various techniques, such as atomic
force microscope (AFM), scanning electron microscope (SEM), and transmission
electron microscope (TEM), are discussed. The chapter aims to provide the
fundamental understanding of the properties of graphene and its characterization.

1.1 Introduction
Carbon, one of the Earth’s most abundant and intriguing elements, appears in
different allotropes (graphite, graphene, diamond, carbon nanotube, amorphous
carbon, and many more), and has attracted research attention for centuries. The
properties of these allotropes (mechanical, optical, electrical, and electronic) differ
significantly depending on the arrangement of carbon atoms in the material. For
example, sp2 hybridized graphite appears as a soft, black, and excellent conductor of
electricity, while sp3 diamond is a hard, transparent, and bad conductor of electricity
[1–3]. Graphite is a naturally occurring crystalline form of carbon with extreme
stability at high temperatures. It is highly inert and shows high electrical con-
ductivity. It has been used for several applications, such as in energy storage and
electrical devices, lubricants and refractories [4]. A graphite crystal is a stack of
several layers of sp2 hybridized honeycomb structure atomic layers (graphene sheets)
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to form a 3D crystalline structure [5]. These 2D layers of carbon (graphene) can slide
apart as there is only a weak Van der Waals interaction between the layers [6]. For
example, a few graphene layers can stick to the paper surface while writing with a
graphite pencil. However, separating a single graphene layer requires mechanical or
chemical exfoliation methods [7, 8]. Other methods are also used to segregate a
single or few layers of graphene sheets and their derivatives from a graphite block
[9–12].

Although there were attempts to study graphene since 1859, research interest in
this wonder material increased when Professor Sir Andre Geim and Professor Sir
Kostya Novoselov of the University of Manchester isolated this wonder material in
2004 by mechanical exfoliation, a process of repeated peeling [1]. Theoretically, it
was considered that the isolated 2D carbon structure or graphene sheet, would be
thermodynamically unstable [13], and that a 2D atomic sheet of carbon could not be
isolated without an epitaxial surface that provides an additional atomic bonding [5].
However, Geim and Novoselov were able to isolate single graphene layers with a 2D
honeycomb structure (hexagonal lattice) from graphite through Scotch Tape
exfoliation (figure 1.1) [14]. Experiments showed that graphene had superior
electrical, thermal, mechanical, and optical properties compared to many other
natural materials, making it a wonder material [9, 15, 16]. Carbon allotropes with a
crystal structure similar to graphene include carbon nanotubes and graphite [17, 18].
In these sp2 hybridized carbon materials, the aromatic ring or hexagonal lattice, is
the building block. A 2D sheet of sp2 aromatic carbon forms graphene, while a 0D
spherical-wrapped graphene with introduced pentagon forms fullerene (C60). Rolled
graphene sheets form carbon nanotubes (1D), and stacked graphene sheets form
graphite (3D) crystals [19]. As graphene exhibits superior mechanical and electrical

Figure 1.1. Scotch Tape method of graphene production. Cleaving a few layers of graphene using adhesive
tape (top row). Pressing tape on the substrate (bottom row).
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properties compared to other allotropes, it has a significant potential for numerous
electrical and electronic applications. As a result, it has been extensively researched
over the past decade and is one of the most studied materials. With rapid advance-
ments occurring in graphene-based technologies every year, it is crucial to keep the
scientific community informed of these developments. Therefore, this book aims to
review the recent progress in research on graphene and graphene-based technologies.
The introductory chapter provides an overview of the basic properties of graphene and
its characterization techniques.

1.2 Atomic and electronic structure of graphene
The electronic configuration of an isolated carbon atom is s s p1 2 22 2 2. In graphene, the
carbonatoms are arranged in a hexagonal lattice forming ahoneycomb structure.Only the
valence orbitals ( s p2 22 2) get hybridized to form three sp2 orbitals and one pz orbital,
figure 1.3(c). The sp2 orbitals form σ bonds, while the pz orbitals form the valence band
(π band) containing one electron and the conduction band (π* band) with no electron. In
graphene, sp2 hybridized carbon is arranged in a honeycomb crystal lattice meaning each
carbon atom has sigma bonds with three other carbon atoms, and π electrons are
delocalized [20]. In contrast, carbon atoms in diamond crystals form a sigma bond with
four different carbon atoms (sp3 hybridisation), hence no free electrons are there in the
valenceband [3,21].Studieshave shownthat thebond length in the sp2hybridizedgraphene
is smaller than the bond length in the sp3 hybridized diamond structure. This substantial
overlapmakes thesp2 sigmabondstronger thanthe sp3hybridizedbonds [22,23].Hence the
carbon–carbon bonding in graphene is shorter and stronger than in diamond, making it a
very stable and robust material. The sigma bonding of sp2 hybridization orbitals is formed
by the superposition of s, px and py orbitals of the carbon atom. The pz orbital is
unhybridised and bound in c-direction by weak Van der Waals force with neighbouring
carbon atoms above and below to form π-bonds. These delocalized loosely bound
π-electrons are involved in the electrical conduction in graphene [20].

In graphene, carbon atoms are arranged in a honeycomb lattice (hexagonal
lattice) as shown in figure 1.2. The graphene structure can be considered as a

Figure 1.2. (a) Hexagonal lattice of graphene (a1and a2 are unit lattice vectors and i, 1, 2, 3iδ =̇ nearest
neighbour vector), (b) first Brillouin zone with Dirac cones at K and K′ points. Reproduced with permission
[24], copyright 2009, American Physical Society.
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bipartite lattice of two triangular sublattices (A and B) with two atoms per unit cell,
figure 1.2(a). The lattice vectors can be written as:

a a0.5 ( 3 , 1) (1.1)1 =

a a0.5 ( 3 , 1) (1.2)2 = −

where a a3 C C= − and a 1 42 ÅC C = ·− is the distance between neighbouring
carbon atoms. The reciprocal lattice vectors can be written as:

b
a

2 1

3
, 1 (1.3)1 ⎜ ⎟

⎛
⎝

⎞
⎠

π=

b
a

2 1

3
, 1 (1.4)2 ⎜ ⎟

⎛
⎝

⎞
⎠

π= −

with reciprocal lattice constant
a

4

3

π
. In real space, the immediate three nearest

neighbours vectors are

( )a
2

1, 3 (1.5)1δ =

( )a
2

1, 3 (1.6)2δ = −

a (1, 0) (1.7)3δ = −

The six next neighbour locations are

a (1.8)1 1δ′ = ±

a (1.9)2 2δ′ = ±

a a( ) (1.10)3 2 1δ′ = ± −

In the k-space (reciprocal space), the first Brillouin zone is a hexagon with two
inequivalent k-points, K and K′ (Dirac points), located at the corners of the
graphene Brillouin zone. Their positions in momentum space are shown in figure
1.2(b)

K
a a

2
3

,
2

3 3
(1.11)⎜ ⎟

⎛
⎝

⎞
⎠

π π=

K
a a

2
3

,
2

3 3
(1.12)⎜ ⎟

⎛
⎝

⎞
⎠

π π′ = −
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Using tight-binding approximation and assuming the electrons from the carbon
atom can only hop to the nearest neighbour Hamiltonian for graphene (here 1ℏ = )
can be written as:

( )H t a b h c. (1.13)
i j( , )

i j∑= − ˆ ˆ +†

where i and j denote the sublattice sites A and B, respectively. The operators are
creation and annihilation operators of an electron at site A with position ri, whereas

b j
ˆ †

and bĵ, are creation and annihilation operators for an electron at site B. The sum
over the nearest neighbour is

( )a b b a a b b a (1.14)
i j i A( , )

i j j l i i i i∑ ∑∑ˆ ˆ + ˆ ˆ = ˆ ˆ + ˆ ˆ
δ∈

δ δ
† † †

+ +
†

where bî δ+ , is the annihilation operator of an electron at site B at position ri δ+ . In
the Fourier space, we can write

a
N

e a
1

/2
(1.15)

k

i
ik r

k
. i∑ˆ = ˆ† †

where N /2 number of A sites. Substituting this to the tight-binding Hamiltonian,
one can write

H
N

a b
1

2

[e e h.c.] (1.16)
i A k k, ,

i k k r ik
k k

( ). .i∑ ∑ˆ = − ˆ ˆ +
δ∈ ′

δ− ′ − ′ †
′

H t a b[e h.c.] (1.17)
k,

ik
k k

. � �∑= − +
δ

δ− †

where e N
2i A

i k k r
kk

( ). i δ∑ =∈
− ′

′.
The Hamiltonian can be written as

H h k[ ] (1.18)
k

∑= Ψ Ψ†

where
a

b

k

k
⎜ ⎟
⎛
⎝

⎞
⎠

Ψ =
ˆ
ˆ and a b( )

k kΨ = ˆ ˆ† † †

h k t( )
0

0k

k⎡
⎣⎢

⎤
⎦⎥

= − Δ
Δ

* , represents the Hamiltonian in matrix form.Where e .k
ik.∑Δ =

δ

δ

The energy eigenvalues are

E t (1.19)k k= ± Δ Δ± *

where kΔ can be computed as

e e e (1.20)k
ik ik ik. . .1 2 3Δ = + +δ δ δ
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e e e[1 ] (1.21)k
ik ik ik. .( ) .( )3 1 3 2 3Δ = + +δ δ δ δ δ− −

Substituting 1δ , 2δ and 3δ

( )e e e e1 (1.22)k
ik a i i ix

kxa kya kya3
2

3
2

3
2⎡

⎣
⎤
⎦

Δ = + +− −

e e
k a

1 2 cos
3

2
(1.23)k

ik a i y
x

kxa3
2

⎡

⎣
⎢

⎤

⎦
⎥Δ = +−

Similarly, kΔ* and substituting in equation E t k k= ± Δ Δ± *

( )E t
k a k a

1 4 cos cos
3

2
4 cos

3

2
(1.24)k a3

2
x y y2⎛

⎝
⎜

⎞

⎠
⎟

⎛

⎝
⎜

⎞

⎠
⎟= ± + +±

In 1947, Wallace used tight-binding approximation to calculate the energy
dispersion relation of a single layer of graphite, which is now known as graphene
see (figure 1.3 (b)). Within the nearest neighbour approximation, energy bands in
energy–momentum space can be obtained as in equation (1.24). This can also be
written as

k t f k( ) 3 ( ) (1.25)Ε = ± +±

Figure 1.3. Graphene 2D hexagonal lattice. (a) Graphite structure stacked graphene layers. (b) Graphene—a
single layer of graphite with a hexagonal structure. (c) Dirac cones in graphene. (d) Graphene band structure
(Γ–M–K–Γ) and Fermi level shifting is depicted with a blue horizontal line. Reproduced from [25], with
permission from Royal Society of Chemistry.
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where

f k k a
k a k a

( ) 2 cos( 3 ) 4 cos
3

2
cos

3

2
(1.26)y

yx⎛
⎝

⎞
⎠

⎛

⎝
⎜

⎞

⎠
⎟= +

The nearest neighbour hopping energy at t (~2.8 eV), and a represents the lattice
constant. The energy band of 2D graphene, according to equation (1.25), is plotted in
figure 1.3(d) as a function of the wave vector. The upper half of the curves is the π*

(anti-bonding band) and the lower half of the curves is theπ (bondingband).These two
bands degenerate (have the same energy) at K points in the reciprocal space, which is
also the Fermi energy level of undoped graphene. Graphene has two atoms per unit
cell (two electrons per unit cell) and the lower π band is completely filled while the
upperπ* band is unfilled.We can observe, theFermi energy corresponds toE= 0 at the
K point. Near to theK points, k a 1∣ ∣ ≪ , Taylor’s series expansion of energy dispersion
in equation (1.25) reduces to a linear dispersion relation,

vE k ak k( )
3

2
(1.27)Fγ= ± = ± ℏ

where Fermi velocity v
a3

2
10F

6γ=
ℏ

≈ m s−1, here positive energy corresponds to

the kinetic energy of electrons in the conduction band, and negative energy
corresponds to the kinetic energy of electrons in the valence band. This linear
dispersion with constant fermi velocity near the Dirac points in graphene is a
characteristic of relativistic massless fermions [24].

The density of states of 2D material can be calculated using

D E
A

E E
A

A
E E kdk( )

1
( )

1
(2 )

2 ( )2 (1.28)
k

D k k2 2

0

∫∑δ
π

δ π= − = −
∞

where E k k( ) Fν= ℏ , dE dkFν= ℏ , kdk
EdE

( )F
2ν

=
ℏ

.

D E
g

E E EdE
E

( ) ( )
2

(1.29)D
F

k
F

2 2 2

0

2 2∫π ν
δ

π ν
=

ℏ
− =

ℏ∞

where g is the degeneracy of the electron. Here D E E( ) ,α i.e., the density of states
is linear and vanishes at zero energy, which contrasts with conventional 2D
materials, where the density of states is a constant.

As described, graphene shows a unique band structure, and it has a unique electronic
structure with zero bandgap, near to the Fermi level (E 0= ), the effective Hamiltonian
for the highly symmetric points the K and K′ can be written as HK

ˆ and HK
ˆ ′

vH k k ik k ik k H k( ) (0 0 ) . ( ) (1.30)y yK F x x F
T

K
� �ν σ= ℏ − + = ℏ → →

= − ′

where ( , )x y
��σ σ σ= is the 2D Pauli matrix, k

��
is the massless quasiparticle (Dirac

massless fermions) momentum and vF , the Fermi energy of the charge carriers.
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The wavefunction of these Dirac particles for K and K′ points are e s e( )s k
K ik r i
,

. kΨ = θ

and e e s( ) ,s k
K ik r i
,

. kΨ = θ′ respectively. Where s 1= for the upper band and s 1= − for

the lower band,
k

k
tank

y

x

1
⎜ ⎟
⎛
⎝

⎞
⎠

θ = − . The upper and lower terms represent the amplitude

(pseudospin) of finding a particle in either sublattice A or B. In the case of graphene,
the pseudospin direction is related to the momentum of particles, which means
wavefunction near the Dirac points is chiral. Hence, any backscattering (particle
scattering from wave vector k

��
and k

��
− ) is prohibited. The chirality of particles in K

and K′ valleys, electron and hole bands are opposite. The energy bands meet at the
Dirac point, where k 0= and the charge carriers in graphene are called massless
Dirac fermions. These transformations of electrons in graphene to massless rela-
tivistic particles lead to interesting effects such as the anomalous integer quantum
Hall effect, the novel effect at the edge and the Klein paradox.

1.3 Properties of graphene
The nanoscale properties of graphene are fascinating due to the potential industrial
applications and fundamental scientific research. Some important properties are
discussed as follows.

1.3.1 Optical properties

The optical conductivity (G) of the 2D Dirac spectrum with conical dispersion is

theoretically predicted to show a universal value ofG
e
4

0

2

=
ℏ
, provided the energy of

a photon is much higher than the temperature and Fermi energy (EF). As there is a
universal conductivity for graphene, the optical properties can be expressed as a
fundamental constant. The transmittance can be expressed as

T 1
2

1 0.977opt

2
⎛
⎝

⎞
⎠

πα πα= + ≈ − ≈
−

for normal incidence of light, where
e
c

2

α =
ℏ

,

the fine structure constant. The transmittance (T ) and reflection (R) are observable
quantities, which were observed by Nair et al and found to follow the universal
conduction behaviours in graphene [26].

The light absorption in graphene can be calculated in an alternative way other
than dynamic conductivity. If a light wave with electric field E and frequency ω is
incident perpendicular to a unit area of the graphene sheet, the incident energy flux

iΦ can be calculated as

c
E

4
(1.31)i

2

π
Φ =

Considering the momentum conservation of the initial and final state, only
excitation with energy E ω= ℏ leads to light absorption. If the number of
absorptions per unit time is n the total absorbed energy can be written as
E na ω= ℏ . The number of absorptions per unit time can be calculated using the

famous Fermi’s golden rule as n M D
2 2π=
ℏ

, where M is a matrix that represents
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the interaction of a photon with Dirac fermions and D is the density of states at

energy E
2
ω= ℏ
. The 2D fermion density of states can be calculated by substituting

2
ωℏ

into 2D density equation

v v
D

E
2

2
(1.32)

2
F

2 2
F
2

F
2

⎛
⎝

⎞
⎠

ω
π ν

ω
π

ω
π

ℏ =
ℏ

= ℏ
ℏ

=
ℏ

The interaction Hamiltonian (between light and Dirac fermion) is

v vH p p
e
c

A H H. (1.33)F F 0 int
�� �� �� ��

⎛
⎝

⎞
⎠

σ σˆ = · = ˆ − = ˆ + ˆ

where the second term represents the interaction Hamiltonian

v vH
e
c

A
e

i
E. . (1.34)int F F

�� �� �� ��
σ σ

ω
ˆ = − =

where the magnetic vector potential is A
ic

E
�� ��

ω
= and σ is Pauli spin matrices. We get

after averaging over all the states as:

v
v

M i
e

i
E f

e
E.

8
(1.35)2

2
2

F

2
F

2

2
σ

ω ω
= → ⎯→⎯

=

The absorbed energy flux can be calculated as:

v
v

n
e

E
e

E
2

8 4
(1.36)a

2
F

2

2
2

F
2

2
2ω π

ω
ω

π
ωΦ = ℏ =

ℏ ℏ
ℏ =

ℏ

Hence the absorption can be calculated as:
e
c

a

i

2π παΦ
Φ

=
ℏ

= , where

e
c

1
137

2

α =
ℏ

≈ the fine structure constant. The absorption does not dependent on

material parameter vF (Fermi velocity). Moreover, the dynamic conductivity is

G
E

e
4

a
2

2

≡ Φ =
ℏ
.

In practice, graphene does not reflect light R( 1)≪ , hence the graphene opacity
T(1 ) πα− ≈ . The absorption for bilayer graphene using Fermi’s golden rule is 2πα.

Although graphene is only one atom in thickness, the light absorption of graphene is
2.3 %πα = of the incident white light due to its peculiar electronic structure [26].

1.3.2 Mechanical properties

Graphene has exceptional mechanical properties, making it suitable for many
applications, such as filler material in composites and specific electronic applica-
tions. The main reason for its impressive mechanical properties is the stability of sp2

hybridized hexagonal lattice. Mechanical properties measured using AFM by

Recent Advances in Graphene and Graphene-Based Technologies

1-9



Lee et al concluded that graphene is the strongest material in the world [15]. The elastic
properties were obtained from the force–displacement response of the graphene
membrane. After theoretical and experimental evaluation, Young’s modulus of
graphene with an effective thickness of 0.335 nm is found to be E 1.0 0.1= ± T Pa.
Nanoindentation of the suspended multilayer graphene flakes shows a bending stiffness
of 2 10 14× − Nm−1 to 2 10 11× − Nm−1 for 8–100 layers of graphene, respectively [27].
Static nanoindentation based on the AFM cantilever pressed on a double-clamped
graphene sheet has shown Young’s modulus of 0.5 TPa. The static nanoindentation
mechanical property measurement requires suspension of the graphene sheet; however,
this is hard when the graphene is deposited on a substrate. However, Raman
spectroscopy has been employed to measure the mechanical properties of both
freestanding and deposited graphene films at room temperature and elevated temper-
ature by probing the bond vibration of the graphene through optical spectroscopy and
retrieving the mechanical and structural properties.

Monolayer graphene with no defect is considered one of the strongest materials,
and its intrinsic strength is 130 GPa. It is to be noted that the strength and stiffness of
graphene are not diminished even with induced sp3 type defects. However, unlike
pristine graphene, breaking strength is reduced by 14% in a defective regime [28].

One of the crucial properties of graphene for engineering applications is its fracture
toughness. Zhang et al investigated the fracture toughness of CVD synthesised graphene.
It was tested using in situ micromechanical devices available in a scanning electron
microscope [29]. A central crackwas introduced using a focused ion beam (FIB), and the
brittle fracturewasobservedwhenthe loadwasapplied.Fromtheexperiment, the fracture
toughness (stress intensity factor) of the graphenewas found to be 4.0 0.6± MPa.Gang
Seob Jung et al conducted a theoretical simulation of the fracture mechanics of
polycrystalline graphene. The fracture toughness of polycrystalline graphene has been
found to be 20%–30% higher than that of pristine graphene [30]. The increase in fracture
toughness can be attributed to the large energy release rate, which can increase with
smaller grain sizes.

1.3.3 Electronic properties

The atomic arrangements in the graphene form a honeycomb lattice structure in a
plane. Each carbon atom forms three-sigma bonds to three other neighbouring carbon
atoms and the pz orbital in carbon atom is unhybridised, and these unhybridized
orbitals form delocalized π electrons, which engage in electrical conduction. These pi-
electrons can move through the lattice and make graphene a good electrical conductor.
Hence, graphene exhibits fascinating properties such as semi-integer quantum Hall
effect, superconductivity, bipolar electric field effect and many more at room temper-
ature. At room temperature, the carrier mobility of graphene can even reach up to
15 000 cm2 V−1 s−1.

(i) Klein paradox and chiral tunnelling
According to quantum mechanics, the Klein paradox is observed when an incoming
relativistic electron penetrates through a potential barrier V( )0 that is higher than the
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electron’s rest energy, mc2 (where m is the mass of the electron and c, the speed of
light). In this case, the transmittance probability T( ) is not significantly affected by the
barrier height and approaches 100% for higher potential barriers; however, for non-
relativistic tunnelling, the transmittance decays exponentially with an increase in
potential barrier height. The Klein paradox can be explained by the barrier height
V reaching a critical potential V E m( )c = + , the electron energy levels of the barrier
regions are lifted byV , and the occupied lower energy states continuum extends and
overlaps a positive energy spectrum outside the barrier. Thus, an incident electron
impact on the potential barrier can knock out electrons from these states in the barrier
and initiate an electron–positron pair production at the potential barrier. When
resonance penetration occurs, a positron wave is created inside the barrier [31].

Electronically, graphene can be described as a 2D zero-gap semiconductor with an
electronic spectrum, as shown in figure 1.4. The low-energy quasiparticles in graphene
can be written in the form of Dirac-like Hamiltonian, vH i0 F

� σ= − ℏ ∇, where vF is the
Fermi velocity and ( , )x yσ σ σ= , the Pauli matrices. This Dirac-like description of
quasiparticles in graphene results from graphene’s special crystal structure (two
equivalent sublattices), and the quantum mechanical hopping of the particles between
the two sublattices leads to two consine-like energy bands which intersect near to the
Brillion zone edges to form a conical spectrum. Hence, the quasiparticles in graphene
show a linear dispersion relation vE k( )F= ℏ . These quasiparticles behave as massless

relativistic particles like photons with momentum k and a fermi velocity v
c

300
F ≈ .

Graphene has been demonstrated as an effective medium (vacuum) for relativistic
quantum tunneling which is described by the Klein paradox.

In the case of graphene, the quasiparticles resemble the fermions in quantum
electrodynamics; hence an experiment considering an infinite potential barrier can

Figure 1.4. (A) Schematic diagram of the energy spectrum of electrons in single-layer graphene. (B) Tunneling
probability of quasiparticle through a potential barrier as a function of incident angle for single-layer
graphene. Reproduced with permission [32], copyright 2014, with permission from Elsevier.
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be used. From the experiment, the angular-dependent transmission probability

electron in graphene with a high barrier can be written as
( )

T
q D1 cos sinx

2 2

ϕ
ϕ

=
−

,

where vq E V k( )/( )x y
2

F
2 2= − ℏ − is the wave vector in the boundary, and V is

the height of the potential barrier. Under resonance condition q D Nx π= , where
N 0, 1,= ± …. T = 1, and the barrier become transparent for electrons, which is also
valid when the electron approaches normal to the barrier [31].

(ii) Ballistic transport and ambipolar electric field effect
In graphene, the mean free path of electrons is 1 μm, which is much longer than in
other materials, which means the scattering is much less; hence at room temperature
these electrons can move faster than the electrons in many conductors. Electrons can
get scattered by defects, impurities, thermal fluctuations and free-moving atoms. The
ballistic transport in materials is the travel of charge carriers for long distances
without impedance. In graphene, electrons experience zero mass at the Dirac points,
making them faster and less scattered by defects in the crystal lattice. The
conduction and valence band are symmetric, and electrons and holes as carriers
can be tuned at high concentrations (≈1013 cm−2) with high mobility. Figure 1.5
shows the ambipolar electric field effect in graphene. The position of Fermi
energy E( )F in the conical low energy spectrum changes with gate voltage V( )g .

Figure 1.5. Ambipolar electric field effect in single-layer graphene. Reproduced with permission [33], copyright
(2011) by the American Physical Society.
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(iii) Quantum Hall effect (QHE)
The quantum Hall effect (QHE) is observed usually only in 2D metals at low
temperatures and is unlikely to be observed at room temperature. However,
graphene exhibits the QHE at room temperature due to the peculiar nature of its
charge carriers, which behave as massless particles without scattering in ambient
conditions. Although the charge carrier density is low near the Dirac points in
graphene, it still exhibits some electrical conductivity of e h4 /2 . Furthermore, the
mobility of charge carriers remains independent of temperature between 10 K and
100 K [34]. While the QHE is observed in 2D materials at low temperatures and in a
strong magnetic field, graphene exhibits the Hall effect at room temperature, figure 1.6.
The QHE at a particular temperature can be attributed to the cyclotron gap cωℏ , which
is a feature of graphene Dirac fermions. The Hall conductivity ( )xyσ at room

temperature is an odd integer multiples of
h

2e2
. When an external magnetic field is

applied, the QHE exhibits an anomaly
e
h

n
4

(
1
2

)xy

2

σ = ± + where 4 is the multiple

factor due to double energy valley and double spin, and n indicates Landau energy [35].

Figure 1.6. QHE of massless Dirac fermion. Reproduced from [35], copyright IOP Publishing Ltd. All rights
reserved.
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1.3.4 Ferromagnetism in graphene

Ferromagnetism in 2D material is both important and exciting, as such materials
have the potential to serve as candidates for molecular-based magnets. Several
theoretical studies have suggested that graphene with defects is an excellent
candidate for the 2D ferromagnetic material. Furthermore, many researchers have
reported the presence of ferromagnetism in highly oriented pyrolytic graphitic
(HOPG) material [36, 37]. When HOPG was bombarded with protons, it showed
ferromagnetism with strong ordering even at room temperature [38].

1.4 Pristine graphene
Single-sheet graphene and few-layer graphene can be prepared using several
techniques. The first successful method for preparing single-layer graphene, also
known as pristine graphene, involved ‘peeling off’ and epitaxial growth [14, 39].
More recently, Xiaolin Li et al developed graphite’s exfoliation intercalation
expansion to form a highly stable single-sheet graphene suspension in organic
solvents [40]. These single graphene layer graphene sheets demonstrate excellent
electrical conductivity at both room temperature and low temperatures. While
electrically conductive graphene can be obtained through the chemical reduction of
graphene oxide, its conductivity is significantly lower than that of pristine graphene
due to the defects in the graphene oxide. Reduced graphene oxide is non-metallic in
behaviour, whereas pristine graphene shows a nearly metallic behaviour [14].

1.5 Characterization of graphene
There are various methods for characterizing graphene to understand its size,
number of layers, defects, and associated functional groups. Some of graphene’s
properties such as its electronic band structure depend on the number of layers and
the quality of the layer deposited on the substrate. Therefore, it is crucial to properly
characterize graphene before conducting any experiments to obtain reliable results.

1.5.1 Atomic force microscopy of graphene

AFM is a reliable technique for probing graphene and understanding the layer
thickness and number of layers of graphene. This method could easily identify the
layer thickness of 0.34 nm, and it comes within the detection limit of the instrument.
The electronic and optical properties of graphene depend on the number of graphene
layers [26, 41, 42]. In AFM, differential height measurement at the foldable edge can
provide information about the layer thickness ( 4Å∼ ) close to the monolayer
thickness of graphene. Figure 1.7 shows the AFM imaging of graphene.

1.5.2 Raman spectroscopy of graphene

Raman spectroscopy is a powerful, non-destructive, and non-inversive technique
that uses a laser to characterize the quality and defects of carbon material. The
quality of graphene can be identified through this technique. Raman spectroscopy of
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graphene shows two distinct peaks called the G ( 1580∼ cm−1) and D ( 1350∼ cm−1)
bands, (figure 1.8). The G band is associated with the plain vibrational mode sp2

hybridized carbon atoms. The D is associated with the radial breathing mode of the
aromatic carbon. The D band is not present in the case of perfect crystalline defect-
free graphene; however, it is dominant in defective graphene and functionalized
graphene (graphene oxide).

The 2D band is the second order of the D band (overtone of the D band). The 2D
band is a result of two phonon lattice vibration process; however, unlike theD band, it
is not activated near the defects. Hence, the 2Dband is always strong in graphene even
when the D band is not present (figure 1.8), and this band does not represent defects.
Additionally, the D and 2D band position depends on the laser excitation energy [44].

The D band and G band positions and shape of the peaks change with the
number of graphene layers. The G band position is shifted to lower energy.
Empirically, the band position and number of layers can be corrected using the
following relation: n1581.6 11/(1 )G

1.6ω = + + , where Gω represents band position
wavenumber and n the number of layers of graphene [45].

The ratio of intensities of the D and G bands, I I/D G, can be used to determine the
level of defects in graphene [46].

Figure 1.7. (a) AFM topography image of graphene; (b) 3D representation of the selected area in (a); and (c)
line scan of the selected individual graphene. Reproduced from [43], copyright (2009), with permission from
Elsevier.
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1.5.3 X-ray diffraction (XRD) of graphene

XRD is a characterization technique to determine the structure of a material. As
graphene is a crystalline material, XRD is a valuable technique for determining the
structure and measuring the lattice spacing between the atoms. In XRD, nano-
crystalline and amorphous materials show a broad peak, while crystalline materials
show a sharp peak. The XRD measurement of 2θ in the range of 5° and 70° shows
(002) diffraction peak at 2 10θ ∼ ° (graphene oxide) and 2 24θ ∼ ° (reduced graphene
oxide). For reduced graphene oxide (RGO), XRD analysis shows sharp diffraction
peaks at 2θ ∼24° from (002), indicating the d spacing between the graphene layers.
In contrast, another peak from (100) at 2 43θ ∼ ° indicates stacked graphene short-
range orders. Using Bragg’s equation, the average spacing between the graphene
layers can be determined, (see figure 1.9(a))

Additionally, Scherrer’s equation can be used to determine the average height of
the stacking layer using the (002) reflection. The average diameter of the stacking
layers can also be determined using Scherrer’s equation and Warren’s constant
(1.84). Commercially available reduced graphene oxide (FL-RGOc) with 2–3 layers
of nanostructures shows an average diameter of 8 nm, and height of 1 nm, while the
graphene layer distance is 0.4 nm [47].

Figure 1.9(b) shows the XRD analysis of the pristine graphite conversion to
graphene oxide. During oxidation using chemicals, the (200) peak (26.23°, d spacing
3.4 Å) disappears entirely after oxidation. The d -spacing of the graphene oxide is
much larger than the single-layer graphene. This is because the presence of oxygen-
containing functional groups attached to two sides of the graphene sheet leads to
atomic scale surface roughness due to structural defects (sp3 bonding) which were
not presence in graphene sheets [48].

Figure 1.8. Raman spectrum of single-layer graphene. Reproduced from [35], copyright 2011, IOP Publishing
Ltd. All rights reserved.
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1.5.4 X-ray photoelectron spectroscopy (XPS) of graphene

X-ray photoelectron spectroscopy (XPS) is a versatile technique for surface
elemental analysis, determination and quantification of hybridization. This techni-
que can measure the percentage of functional groups associated with chemical
compounds, especially with graphene and carbon materials. Stobinski et al charac-
terized the commercially available few-layered reduced graphene (FL-RGOc)
prepared through the modified Hummer method using XPS. FL-RGOc showed a
carbon content (C) of 73%∼ and oxygen content (O) of 26%∼ . However, the C/O
ratio of graphene depends on the preparation methods, purity of the sample and
contamination on the surface. While graphite has a carbon content of 96∼ % and
oxygen content of 4∼ %, FL-RGOp prepared showed a higher percentage of carbon
content and lower oxygen content.

A detailed investigation of core level spectrum of C1s and O1s can provide an
understanding of the percentage of functional groups associated with the graphene.
Most common functional groups attached to graphene are hydroxyl (–OH),
carbonyl (–COOH) and epoxy (–C=O) groups. The percentage of hybridization
can also be determined from core level C1s spectrum. Generally, graphene shows a
higher sp2 hybridization compared to sp3 hybridized carbon [47].

1.5.5 Fourier transform infrared analysis (FTIR) of graphene

Fourier transform infrared analysis (FTIR) technique is used to conduct a
qualitative study on the functional groups associated with a material. This technique
is used to identify the polymer molecules as it provides a fingerprint of such
molecules. Graphene, graphene oxide, reduced graphene oxide, and graphite can be
distinguished through this technique. This technique is used to investigate the
presence of functional groups from the vibrational spectra obtained. Graphene oxide
contains a high concentration of oxygen compared to reduced graphene oxide.
However, graphite contains a minimal amount of oxygen. An FTIR peak at

3400∼ cm−1 represents the hydroxyl group (-OH). Graphene oxide has a strong

Figure 1.9. (a) XRD of FL-RGOc, FL-GOc and graphite. Reproduced from [47], copyright (2014), with
permission from Elsevier. (b) XRD analysis of graphite, graphene oxide prepared after oxidation (2 min, 5 min
and 10 min) and reduced graphene oxide. Reprinted with permission from [48]. Copyright (2009) American
Chemical Society.
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and broad peak at 3400∼ cm−1 indicating a high hydroxyl group concentration;
however, the peak intensity is low in the case of reduced graphene oxide and very
low for graphite. Hence, FTIR can be used to determine the degree of oxidation in
graphene and other functional groups such as carbonyl (–C=O), carboxyl group (–
COOH) and epoxy group (C–O–C) associated with graphene and graphene
oxide [49].

Figure 1.10 shows the thermally reduced graphene (TRG) with C–O–C functional
group and –OH groups. Reduced functional graphene oxide (RFGO) and reduced
graphene oxide (RGO) show similar functional groups. Moreover, functionalized
graphene oxide (FGO) shows additional peaks of –NH and –CN and strong –CH
peaks. Pure graphene shows only C=C peaks and small –OH concentrations of –OH
functional groups. [50].

1.5.6 Electron microscopy of graphene (SEM, TEM, HRTEM)

Scanning electron microscopy (SEM) uses a high-energy focused electron beam that
interacts with samples to reveal the surface morphology, chemical composition and
elemental distribution of materials, making it a suitable technique for imaging
microstructure of graphene. Wentian Gu et al investigated the microstructure of

Figure 1.10. FTIR of graphene. Reproduced from [50] with permission from the Royal Society of Chemistry.
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high-quality single- and few-layer graphenes obtained through chemical treatment
and thermal exfoliation of graphite. The SEM microanalysis exposed graphene
morphology and layer delamination through the chemical process (figure 1.11) [51].
The intercalated graphene expanded to different layers since there is only weak Van
der Waals interaction between the layers of graphene sheets.

Transmission electron microscopy (TEM) is another characterization technique
used for graphene structure analysis. TEM studies can determine the number of
graphene layers and the morphology of graphene. Studies using selected area
electron diffraction (SAED) of the bright field image of graphene show that the
graphene has a hexagonal lattice, figure 1.11. Moreover, the intensity ratio of planes
and (I[40]/I{2110}) indicate whether the graphene is monolayer or multilayer. An
intensity ratio greater than (I{1100}/I{2110}) > 1 indicates that the graphene is
monolayer; while (I{1100}/I{2110}) < 1 indicates that the graphene is multilayer [51].

Energy dispersive x-ray (EDX) analysis is used to find the atomic percentage of
different elements present in a substance. This method can be used to identify the
contaminants on the graphene surface or the presence of small quantities of
functional groups on graphene defects and edges [40]. For pure graphene, the
only element present is carbon; however, the elements from the grid used for TEM
studies may appear in the spectrum, but they can be subtracted from the spectrum to
calculate the actual atomic percentage. Figure 1.12 shows the single-layer and
multilayer graphene, where the darkeness increases with number of layers.

High-resolution transmission electron microscopy (HRTEM) and scanning
tunnelling microscope (STM) can be used to image atoms in the lattice. Figure
1.13(c) shows the hexagonal carbon rings and lattice constant can be estimated
through these techniques [51]. TEM STM studies can also provide information on
the number and the type of defects in graphene layers. Through this method, the

Figure 1.11. Graphene from liquid phase exfoliation of worm-like exfoliated graphite (WEG). (a) Photograph
of WEG. (b) SEM image of WEG. (c) Uniform dispersions upon sonication (left) and centrifugation (right).
(d) AFM image and (e) TEM image of the monolayer graphene sheets. (f) TEM image of a folded graphene
sheet. (g) Electron diffraction from the white spot marked in (e). (h) EDX spectrum of the graphene sheet in (f).
Reproduced from [51] with permission from the Royal Society of Chemistry.
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layer orientation of a few layers of graphene can be understood. In the TEM study,
graphene shows a sheet-like structure with folding. It is transparent for a few
graphene layers, but it can be darker where the layers are folded or the number of
layers is more than a few [47].

1.6 Defects in graphene
There are two types of defects in graphene: point defect, which is zero-dimensional
with vacancies or interstitial atoms, and one-dimensional defect that appears along a
line. These defects are not stationary but can migrate along the graphene plane.
Defect migration usually depends on the activation energy barrier, which is
dependent on the defect type and increases exponentially with temperature. Some
of the major types are defects in graphene are discussed below.

Figure 1.12. TEM analysis of FL-RGOc. Reproduced from [47], copyright (2014), with permission from
Elsevier.

Figure 1.13. HRTEM image of (a) monolayer graphene and its FFT pattern from the selected area 1,
(b) inverse FFT (region I) and (c) enlarged view of region II and line profile (1 and 2). Reproduced from [51]
with permission from the Royal Society of Chemistry.
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Stone–Wales defects appear in graphene when the graphene lattice is recon-
structed to form a non-hexagonal ring. In this defect, there is no addition or removal
of atoms, figure 1.14. Here four hexagons are converted into two pentagons and two
heptagons through the rotation of one C–C bond by 90°.

Another type of defect is the single vacancy where one of the carbon atoms is
missing from the lattice. This defect was observed in TEM experiments and led to
the formation of five-membered and nine-membered distorted rings (figure 1.15).

A double vacancy is another vacancy created by the coalescence of two single
vacancies or the removal of two neighbouring atoms. There are no dangling bonds
present in the case of a double vacancy but there appear two pentagons and one
octagon instead of four hexagons in a perfect graphene sheet. The graphene sheets
are terminated with edges with edge atoms that are free or passivated with hydrogen

Figure 1.14. Stone–Wales defect formed by the 90° rotation of C–C bond. (a) Experimental TEM images of
the defect, (b) the atomic arrangement obtained from density functional theory (DFT). Reproduced from [52],
copyright (2015), with permission from Elsevier.

Figure 1.15. Single vacancy. (a) TEM experimental image and (b) atomic structure form DFT calculations.
Reproduced from [52], copyright (2015), with permission from Elsevier.
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atoms. The defects can appear at the edges of the graphene because of the changes in
the local reconstruction.

1.7 Conclusions
Graphene is a wonder material with many unique mechanical, optical, and
electronic properties. It is strictly a 2D material with peculiar electronic excitations
described by Dirac fermions. It also exhibits a semimetal property with both zero
density of states (semiconductor) and gapless conduction and valence bands
(metallic nature). Also, the electron–electron interactions in graphene show a long
mean free path. The graphene electronic states can be altered by doping pentavalent
or trivalent impurity atoms. Moreover, graphene’s physical and chemical properties
can be manipulated by attaching functional groups to the graphene edges and
defects. Many such graphene derivatives can be obtained by replacing carbon atoms
and the suitable introduction of other atoms or functional groups. Due to its unusual
properties, graphene can be used as a platform for many applications such as
chemical sensors, strain sensors, and suitable material for electronic devices like a
transistor. The abundance of precursor material (graphite) for graphene synthesis
makes it a versatile, cheap material for many applications. The graphene and
graphene-like (graphitic material) can literally be produced from any carbon source,
making it attractive and sustainable for many industrial applications.

Through different characterisation techniques, graphene morphology, structure,
functional groups and defects can be studied. The information about graphene’s
chemical and physical properties provides insight into graphene’s behaviour and its
usefulness in different applications.
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Due to their remarkable physicochemical properties, graphene and its derivatives
have gained significant attention from the research community since the discovery of
the former in 2004. In this chapter, various top-down and bottom-up synthesis
methods of graphene have been discussed with a special focus on the latest graphene
bulk-production method—the flash Joule heating (FJH). The current difficulties
associated with graphene bulk-production and how FJH can be a possible remedy
for them in a not-too-distant future have also been discussed.

2.1 Introduction
The world we live in is jam-packed with a variety of materials from which many
serve as the backbone of modern society. Among them, carbon and carbon-based
materials play a key role in growing the world economy today as they have triggered
distinctive development in materials science and engineering. The ability of carbon
to exist in various allotropic forms enhances its potential for advanced technological
applications. The unique catenation property of carbon atoms enables them to
exhibit contradictory traits like softness as in graphite and hardness as in diamond
which is rare in non-carbon materials. Out of the multifarious allotropic forms, the
discovery of graphene in 2004 paved the path to a major leap in the field of material
science, thereby stirring up advanced scientific research for sophisticated applica-
tions and endless possibilities.

According to International Organization for Standards (ISO), graphene is a single
layer of carbon atoms, with each atom bound to three neighbors in a honeycomb
structure. In other words, it is a two-dimensional (2D) sheet of covalently bonded
carbon atoms in sp3 hybridization which maintains a hexagonal or honeycomb
structure. However, other terminologies also exist both academically and
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industrially. Some suggest that ten or fewer layers can still be considered graphene
and ISO define such structures with 3 to 10 layers as ‘few-layer graphene’ [1]. Each
monolayer of graphene sheets is held together by weak van der Waals force of
attraction. Graphene is not only noted for its thinness, but also it is about 200 times
stronger than steel and a good conductor of electricity compared to any other known
materials at room temperature. The unsurpassed and excellent properties of
graphene like high carrier mobility (~200 000 cm2 V−1 s−1), outstanding thermal
conductivity (~5000 W m−1 K−1), large surface area (2630 m2 g−1), exceptional
transparency toward visible light (~97.7%), ambipolar electric field effect and room
temperature quantum Hall effect, has sparked a graphene ‘gold rush’ in almost all
fields of science and technology. These remarkable features of graphene can be
utilized in electronic applications such as printed circuits, microchips, transistors,
and flexible electronics [2–5]. Furthermore, the high strength and low thickness of
graphene are increasingly being used in the research and development of bioelectric
sensors used to monitor glucose levels and blood components like hemoglobin,
cholesterol etc [6–9]. It is also being researched for its uses in gene and small
molecular drug delivery, dental implants, therapeutic tools, and even anti-cancer
therapy applications [10–14]. The immense scope of graphene-based technologies is
obvious from its market studies, which suggest that the global market for graphene
has accounted for USD 71.0 Million in 2020 and is expected to reach USD 785.2
Million by 2028, with a compound annual growth of 35% [15]. It seems the COVID-
19 pandemic has somewhat boosted the graphene market because of the usage of
graphene in the coating of facemasks, the sales of which skyrocketed during the
pandemic period and still continue to be high. A market study published in 2021
analyzed the impact of COVID-19 on the graphene market. It predicts an estimated
market value of $6.2 billion in 2021 and a projected $7.7 billion in 2026 [16].
However, it would be interesting to see if this trend would sustain in the global
graphene market in the post-COVID years.

Even though naturally occurring graphite has been known for centuries, the first
reported method for the production of graphene can be traced back to 1970 and high
quality single-layer graphene was produced in 2004 by micromechanical cleavage
(Scotch Tape method) of graphite [17]. The delay that led to the discovery of
graphene is mainly attributed to its monolayer nature and fallacies related to its
thermodynamic stability [18]. However, immediately after its discovery, the research
on graphene, including the control of the graphene layers on substrates, function-
alizing graphene and exploring the applications of graphene grew exponentially.
Governments all over the world have spent billions for graphene-based research
mainly in establishing research laboratories and aiding fundamental research. Also,
there are large consortia such as the graphene flagship [19] which provides long-term
funding of €1 billion to commercialize graphene products out in the market and an
additional amount of €20 million to support sufficient research in graphene-based
electronics, optoelectronics and sensors applications. Despite these, real commerci-
alization of graphene is miles away from an overnight success story as it is still
primarily hidden in research laboratories. Commercialization of graphene is heavily
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reliant on its quality, cost, reproducibility, processability and safety of the method
adopted. Nevertheless, the key requirement would be the large-scale fabrication of
high quality graphene [20, 21]. A review of the literature on graphene would clearly
imply that in most of the reports, the quantity of graphene synthesized is only in the
milligram scale or below, despite the good quality. Furthermore, critical quality
issues might arise when taking graphene from the lab scale to industrial scale,
addressing which is vital in the path towards commercialization of graphene.
Hitherto, the mass production of graphene suffers a technological trade-off dilemma
between quality and production rate. Setting-up more industrial laboratories which
are commercially focused would aid overcoming this hurdle as their R&D would be
more inclined towards obtaining a practical solution to this problem compared to
laboratories in academic institutions.

Current popular industrial synthesis methods of graphene can be broadly
classified into two categories: top-down methods and bottom-up methods [22].
Top-down method is generally a destructive technique in which a bulk material is
broken down into fragments. Individual graphene layers are delaminated from
pyrolytic graphite by overcoming van der Waals force of attraction between the
layers. At the industrial level, only the top-down methods are used for the large-scale
synthesis of graphene. The principal advantage of this approach is that it facilitates
possibilities of scaling up, requires no substrate-transfer and is fairly a cost effective
method. However, they have some limitations in that it is arduous to separate out
the graphene layers efficiently and strenuous to prevent the restacking of graphene
sheets after exfoliation [23]. The ineffectiveness to precisely configure graphene is
also another setback of this scheme. Alternatively, bottom-up fabrication involves
the building up of the required materials from smaller entities. In these methods,
synthesis of graphene involves the implementation of carbon precursors as a
building block to form graphene layers. The major benefit of this synthesis route
is that it enables precise fabrication and fine tuning of graphene configuration,
thereby offering the most tangible solution for the fabrication of next generation
graphene devices. Most of these methods are used in industries for the development
of continuous and large-scale graphene films which are used in applications such as
solar cells and sensors [24–26]. Yet, their high cost, requirement of high temper-
atures and the difficulty of scaling up compared to the top-down approach remains a
challenge for industries. Some popular top-down and bottom-up graphene synthesis
methods are shown in figure 2.1. Figure 2.2 suggests that the research community
has been promoting the molecular build up model for graphene synthesis.
Conspicuously, the figure also suggests that among the bottom-up methods,
chemical vapour deposition (CVD) is the most popular one, while exfoliation and
chemical synthesis remain the favorite top-down methods for graphene production.
The techno-economic viability of these synthesis routes is valued based on their
proficiency to produce graphene with low cost, quality, suitability, and sustain-
ability. In this chapter a thorough discussion on some popular top-down and
bottom-up methods for graphene production is included. The methodology along
with merits, demerits and future directions are presented in detail.
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Figure 2.1. Illustration of the classification of various fabrication techniques developed for the production of
graphene.

Figure 2.2. An overview of number of publications in graphene synthesis with reference to top-down and
bottom-up categories for the past 10 years. Data collected in February 2022 from the Scopus database.
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2.2 Top-down approach
Among the various top-down methods used for industrial and laboratory produc-
tion of graphene, the most widely used are: (1) exfoliation and cleavage; (2) reduction
from graphene oxide (GO); and (3) unzipping of carbon nanotubes (CNTs). They
are discussed as follows.

2.2.1 Exfoliation and cleavage

Mechanical exfoliation marks the beginning in the history of graphene fabrication
[27]. In 2004 Andrie Geim and Konstantin Novoselove through their ‘groundbreak-
ing experiments’ were the first to propose the cleavage of pyrolytic graphite to isolate
single-layer graphene. In this method, traditionally called ‘Scotch Tape method’, a
Scotch Tape was used to repeatedly peel-off layers from graphite crystal to obtain
graphene flakes. These peeled off layers were then deposited on silicon dioxide/
silicon (SiO2/Si) substrates. The graphene flakes acquired through this procedure
were bestowed with versatile electrical, optical and thermal conductivity properties
capable of opening myriad opportunities in sophisticated applications. On the flip
side, even when graphene obtained through this technique is considered pristine and
of high quality, it can only be implemented for fundamental research as a
consequence of its moderate yield. Despite the thinnest flake produced being
~10 nm thick, this technique failed to yield single- or bilayer graphene.
Considering the shortcomings of the Scotch Tape method, Huang et al improvised
this method by adopting two additional steps prior to exfoliation: oxygen plasma
cleaning of the substrate and an additional heat treatment [28]. As a result, they were
successful in producing graphene flakes of thickness 1–4 layers. Beyond that, these
simple steps were effective in augmenting the yield and the area of the flakes by more
than 50 times compared to the established exfoliation methods. Inspired by the
traditional Scotch Tape method, researchers developed new mechanically exfoliat-
ing techniques like micromechanical cleavage [29] and ball milling [30]. A micro-
cleavaging technique was introduced by Jayasena et al where an ultra-sharp wedge
shaped crystal diamond was used to cleave off a few layers of graphene flakes from
graphite [31]. In this method, an understanding of the wedge speed and depth of
insertion enabled precise tuning and controlling of the exfoliation technique for the
production of flat or folded graphene layer. Likewise, ball milling is also a technique
employed to yield few-layer graphene through a low cost and environmentally
friendly conditions. Here a shear force is applied to laterally exfoliate graphite to
graphite flakes. However, the vertical forces and collisions applied by the balls tend
to deteriorate the graphite flakes, thereby depreciating the quality of graphene
layers. To favour the shearing forces exfoliating agents can be used to offer
multipoint interaction sites for the graphene flakes [32]. Melamine is considered as
a good exfoliated agent since it has an aromatic nucleus that can efficiently interact
with the graphene π-system and can form extended networks on its surface due to the
presence of hydrogen bonds. Furthermore, melamine can also be easily washed
away leaving behind pure graphene flakes [33]. In another work, Deepak et al
introduced bovine serum albumin protein as an exfoliating agent during the ball
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milling procedure. The protein acted not only as an effective exfoliation agent, but it
also prevented restacking of the graphene layers [34]. Although the research
community has made tremendous progress in this field, mechanical exfoliation
methods face a lot of issues demanding a systematic in-depth study. All the
aforementioned methods fail to provide high yield and defect-free graphene flakes.
Furthermore, exfoliation techniques are slow and imprecise, which limits their use
for research studies rather than for commercial applications

Chemical exfoliation is another advancing method employed for fabrication of
graphene. Here, alkali metals are intercalated into the graphite structure to increase
the interplanar spacing, thereby facilitating easy peel-off of the layers. The
intercalated products can be easily exfoliated using sonication process. This
solution-based process can produce large-scale exfoliation at low ambient temper-
ature, thus making it distinctive among other graphene fabrication processes. The
inclusion of chemical contamination is one of the serious downsides of this process.
Recently, Wu et al developed an environmentally friendly fast chemical exfoliation
method to produce graphene with high quality, large size and fewer layer features
[35]. The obtained graphene film exhibited excellent electrical conductivity of up to
2.03 × 105 S m−1 which is one of the highest ones reported so far for graphene. Mass
production of graphene sheets was enabled using liquid phase exfoliation (LPE)
where graphite dispersed in stabilizing liquids can be exfoliated using sonication [36].
In selecting a solvent, it is necessary to minimise the interfacial tension between the
graphite and the liquid in order to curtail the aggregation of single-layer graphene.
Microfluidizer method is an emerging LPE technology, which can exfoliate graphite
successfully using high-shear mixer-driven fluid dynamics. Recently, Shang et al
introduced a combination of microfluidizer and supercritical CO2 to yield graphene
nanosheets of less than three-layer thickness [37].

Among the different exfoliation methods, electrochemical exfoliation is an
economical and eco-friendly fabrication technique for the production of high quality
graphene sheets. It opens up the opportunity for bulk production of graphene from
graphite. This exfoliation procedure employs an applied voltage (5–35 V) to drive
the ionic species in the electrolyte to get intercalated between the layers of graphite
electrode [38]. The intercalated ionic species weakens the van der Waals forces
between the layers, thereby providing an easy path for layer separation. For
example, for conventionally used H2SO4 electrolyte, the SO4

2− ions of ionic radii
0.46 nm can easily be intercalated into graphite layers because of their ionic size,
which is comparable to graphite d spacing (0.34 nm). Based on the type of potential
employed, electrochemical synthesis can be categorized into two; anodic and
cathodic exfoliation of graphite. In the anodic type the negative ions move to the
graphite anode on applying positive voltage, whereas in cathodic type of exfoliation,
positively charged species move toward the graphite cathode on the application of
the negative voltages.

A major issue centred with these exfoliation techniques is the high electrolysis
voltage used during the process, which leads to inadequate intercalation and
subsequently low yield of few-layered graphene. In order to overcome these
drawbacks researchers have upgraded the electrochemical exfoliation method by
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introducing modified electrolytes and additives [39]. Liu et al and his co-workers
introduced ultrasound during the exfoliation technique in Na2SO4 solution. The
ultrasound provided extra mechanical forces aiding effective exfoliation [40]. In
another work, Chen et al demonstrated an electrochemical exfoliation of graphite
powder by using melamine as an electrolyte additive. The inclusion of melamine
increased the yield of graphene up to 25% compared to the exfoliation with any
other additives. In yet another work, a novel non-electrified electrochemical
exfoliating method was introduced to fabricate high quality graphene sheets [41].
In this report 1 M LiPF6/propylene carbonate (PC) was used as the electrolyte,
which effectively exfoliated the graphite electrode into sheets of graphene. The
intercalation of Li+–(PC)4 into the layers led to the formation of Li∣∣graphite micro-
cells, which helped in the separation of graphene layers without the aid of any
applied electrical voltage. The prepared graphene layers were of high quality with a
high C/O ratio (27.74) and excellent electronic conductivity of 102.5 S cm−1. An
undesirable consequence of these synthesis methods is that the graphite pieces that
have been prematurely exfoliated, cause the quality of graphene sheets to deterio-
rate. To overcome this hurdle, Wang et al designed a novel electrochemical
exfoliation technique to synthesize graphene films in which the graphite was placed
in a confined space, thereby preventing untimely falling of graphene sheets [42]. For
this purpose the working electrode (graphite foil) was coated with paraffin and the
bottom part was exposed to the electrolyte. Nickel was used as the counter electrode
and a dc supply of 5 V was applied in NaOH electrolyte. The transparent conductive
graphene films thus prepared exhibited excellent transparency and conductivity with
the potential to replace the conventionally used indium tin oxide. Achee et al
modified the above method by utilising compressed graphitic flakes inside a
permeable container as the electrode [43]. The prime advantage of this technique
is that a wide range of graphitic material can be used as the electrode, thereby
replacing the conventionally required graphite powder for electrode purpose.
Moreover, in this work the authors proposed a design method for graphene reactors
promising graphene production with high yield and quantity. Figure 2.3 depicts
pictorial representation of exfoliation of graphene by both intercalation and
mechanical method. Recently, an ultrafast chemical free exfoliation methods was
adopted by Islam et al [44]. In their work, instead of using intercalants or chemical,
they utilised plasma spray exfoliation technique which resulted in a high production
rate of graphene (48 g h−1) with high single-layer selectivity (85%). The exfoliated
graphene exhibited almost no basal defects and had no structural distortion. The
obtained sheets can be used in applications like frictionless, transparent conductive
coatings, mechanical reinforcements and energy storage devices.

While exfoliation technique is very popular in the graphene industry, it has many
disadvantages. A major disadvantage of solvent based exfoliation is that depending
on the surface tension of the solvent used, the ions usually get trapped in between the
graphene sheets adversely affecting the purity of the sheets. Moreover, the solvents
used are not harmful to the human body and to the environment. On the other hand,
the mechanical method has no real control over the number of graphene layers.
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Therefore, improvisations have to be adopted in exfoliation techniques so as to
control the number of graphene layers and minimize impurity levels in the graphene.

2.2.2 Chemical synthesis: reduction from graphene oxide

While mechanical exfoliation works on weakening the van der Waals forces between
the graphite layers to structure graphene layers, a chemical route can also be used
based on the same principle. Large-scale production of graphene by the reduction of
GO is a cost effective chemical synthesis method. Chemical reduction of graphite
oxide using reducing agents is one of the best techniques to obtain a large quantity of
graphene sheets (figure 2.4). Instead of pristine graphene sheets, the end product
obtained by this method is reduced GO or modified graphene. Generally, the
principle involved is the intercalation of ions within the graphitic layers leading to
the expansion of layers with their simultaneous oxidation by strong oxidising agent
like concentrated sulfuric acid or nitric acid. Similar to graphene, GO is also a
potential material for various industrial and electronic applications. The unusual
thermal, optical, and electrical properties of GO, make it suitable for applications
like photovoltaic cell, capacitors and sensors. First and foremost, GO can be
synthesised from the three well acclaimed methods—Brodie, Hummers and
Staudenmaier methods [45]. In Brodie’s oxidation method, graphite is oxidised
using concentrated nitric acid (HNO3) and potassium chlorate (KClO3). The
resulting solid end product contains carbon, hydrogen and oxygen. The grave
drawback of this method is that it is time consuming, tedious and expels several toxic
gases. The upgraded version of Brodie’s method is the Staudenmaier method, where
concentrated sulfuric acid (H2SO4) is used as an extra additive apart from HNO3

and KClO3. The presence of H2SO4 enhances the rate of oxidation, thereby

Figure 2.3. Separation of graphene layer from graphite using intercalation technique (upper half) and by
mechanical cleavage (lower half).
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expediting the formation of graphite oxide. Though this method produces high
quality graphite oxide, it suffers similar detriments of the original Brodie method.
Later, in 1958, Hummers developed an alternative technique to obtain graphite
oxide, wherein graphite, potassium permanganate, sodium nitrate and concentrated
sulfuric acid were used as the oxidizing mixture. Currently, Hummers method and
its modified versions are widely accepted to achieve highly oxidized graphite oxide to
serve as an efficient precursor for graphene [46]. The value of this method is that it is
environmentally sound, since it emits no toxic gases, and it is viable to harvest
graphene in large volume for commercial utilization.

By the proper elimination of oxygen functional group from GO structure, GO
can be appropriately used as a precursor for graphene synthesis. The three main
approaches performed to accomplish this task include thermal, electrochemical and
chemical methods. Thermal reduction involves heating of GO to about 1000 °C
which generates gaseous species that intercalate onto the GO structure [47]. This
intercalation paves a path to an increase in the internal pressure, thereby aiding in
exfoliation and eliminates the oxygen function group. Annealing temperature and
annealing atmosphere are the important parameters in this method. Studies indicate
that even though thermally reduced graphene shows remarkable conductivity, it
suffers prominent structural defects which hinder its exploitation in electronic device
applications. Also, this process is ineffective in fabricating GO thin film on low
melting point substrates like polymer [48]. In the electrochemical method, the
potential applied can efficiently remove the oxygen functional from the GO
structure. The main advantage of this reduction method is that it does not emit
any toxic gases and the whole technique is controllable and employs simple
instrumentation. For a much more high quality yield of graphene, generally

Figure 2.4. Portrayal of the formation of graphene from graphite powders.

Recent Advances in Graphene and Graphene-Based Technologies

2-9



chemical methods which employ chemical reagents are commonly used. Here, the
reduction of graphite oxide can be achieved by using several reducing agents like
hydrazine hydrate, sodium borohydride, hydroiodic acid, hydroquinone, amines
and sulfur-containing agents [49–51]. However, even if hydrazine hydrate is
generally used as the reducing agent owing to its strong reducing property it can
be replaced by green reducing agents like vitamin C, ascorbic acid, vancomycin,
amino acids, tea leaves extract, reducing sugar, alcohols, hydrohalous acids, annona
squamosa leaf extract, lysosomes etc [52–58].

Apart from these, several other methods like hydrothermal, electrochemical and
photolysis-based processes, solvothermal, microwave techniques have been adopted
to reduce GO to yield graphene sheets [59–63]. Recently, researchers have used
camera flashes and laser scribes from optical drives to reduce GO films [64–66].
Although chemical reduction methods are widely employed for graphene fabrica-
tion, the quality of graphene obtained has always been inferior to pristine graphene.
However, the remnant oxygen functional group and persisting defects in graphene
can be used as a signal carrier in electrochemical sensing and transducers in devices.
Each of the aforementioned chemical reduction methods has its own advantages and
disadvantages, due to which their preference can vary depending on what can be
afforded to compromise. Rigorous investigations and modification of these methods
are necessary to develop graphene flakes from GO, with fewer defects and no oxygen
functional group.

2.2.3 Unzipping of carbon nanotubes

Another important top-down method for graphene synthesis is the opening or
unzipping of CNTs. Instead of the conventionally used graphite, this method
employs CNT as the precursor for graphene preparation. The unzipping mechanism
yields thin elongated strip graphene nanoribbon which has a high aspect ratio (at
least 10) and a greater width (<50 nm) when compared to graphene. Figure 2.5
illustrates the different stages of the unzipping mechanism of a CNT into a graphene
strip. During the slicing process, graphene transforms its electronic state from

Figure 2.5. Schematic illustration of the unzipping of CNT to graphene. In the figure the atoms around the
unzipped portion are faded to highlight the mechanism of slicing of CNT.
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semimetal to a semiconductor [67]. Otherwise stated, graphene nanoribbons have a
phenomenal capability of opening a bandgap in their electronic structure. In this
regard, the electronic properties of thin strip graphene nanoribbons are presently
under vigorous investigation [68]. The width of the forbidden gap depends on the
width of the nanoribbon. Since the circumference of the nanotube defines the width
of the nanoribbon, the usual protocol adopted is the longitudinal opening of CNTs.
Depending upon whether the CNT is multiwalled or single-walled, the final end
product will be multilayered graphene or single-layer graphene, respectively.

Generally, two methods of chemical–thermal processes are adopted to derive
graphene layers from CNTs. The first one involves the oxidation of CNT in an acid
medium followed by reduction to obtain graphene ribbons [69]. Kosynkin and his
co-workers introduced a scalable method in which multiwalled CNTs were treated
with sulfuric acid and potassium permanganate. In this solution-based oxidative
technique, even though efficient unzipping of CNT occurred, oxygen functional
groups were introduced into the structure. A reductive treatment in due course
expelled the oxygen functional from the structure. This oxidation process is a major
drawback of this method, since the structural defects that get integrated with the
structure cannot be healed. To circumvent the deleterious effects of the oxidation
process, the very same authors introduced the second method, which encompasses
the preparation of graphene by unzipping of CNTs by a reaction with potassium
[71]. However, uncontrollable damage of the framework during harsh unzipping
reaction has remained a key challenge in this synthesis technique. To overcome this
challenge, Lim and his co-workers formulated a new technique, where a dopant
selectively initiated the unzipping of the CNT. The obtained graphene nanoribbons
are large in size and suitable for high power supercapacitor application [72]. Highly
conducting graphene nanoribbons, derived from CNT opening are highly desirable
for many electronic device applications. Suresh et al introduced a facile method for
the fabrication of highly conducting graphene nanoribbons through microwave
treatment of acid processed CNT. The enhancement in the electrical conductivity
observed in this case proves the efficiency of microwave treatment in simultaneous
exfoliation and reduction of CNTs. In another work, photoluminescent graphene
quantum dots with prominent blue emission were fabricated by the partial unzipping
of multiwalled CNTs. The electrocatalytic studies of these quantum dots revealed
them to be promising candidates for oxygen electrodes in fuel cells. Conventionally,
the unzipping of CNTs involves a lot of strong oxidants or alkali metals which are
environmentally hazardous. Recently, a facile and scalable green synthesis method
was introduced, where the application of a constant current to MWCNTs in
concentrated sulfuric acid generated graphene nanoribbons through an intercalated
unzipping. This method is unique due to its ability to control the oxygen/carbon
(O/C) ratio from 0.10 to 0.24 and can be the scaled up to 100 g h−1 m−1 [73].

In all the top-down approaches discussed so far, the synthesis of graphene
depends on two main precursors: pyrolytic graphite and CNT. The selected graphite
material can be of natural or synthetic origin. Even though synthetic graphite (purity
level 99.9%) obtained by the graphitization of carbon source like coal produces high
purity and good quality graphene, natural graphite is widely chosen as the precursor
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owing to its low cost and large availability. A purity level of merely 80%–98% in
natural graphite with the presence of impurities like nickel and iron is impassable,
which further impedes its commercialisation. Though the purification process can
remove the weakly bonded impurities, they fail to wipe out the strongly intercalated
impurities within the graphite layers. Concurrently, CNTs used for fabricating
graphene nanoribbons cannot flee from the detrimental effects of impurities. As
CNTs are grown on metal nanoparticle catalyst at high temperature, some of the
metal atoms get trapped in the nanotube. In addition to that, certain carbonaceous
materials are also incorporated during the fabrication process. Overall, irrespective
of which top-down method is used, the purity of the source material is a primary
factor deciding the quality of the graphene produced.

2.3 Bottom-up approach
Some of the most important bottom-up methods used for the synthesis of graphene
are: (a) CVD, (b) pyrolysis, (c) rapid thermal annealing, (d) epitaxial growth, and
(e) flash Joule heating. A detailed discussion on them can be seen below.

2.3.1 Chemical vapour deposition

CVD method is known to be a prominent and high throughput production method
to fabricate uniform films of monolayer and bilayer graphene [74, 75]. In this
method the decisive step involved is the controlled growth of graphene layers on a
catalytic substrate like transition metals (Fe, Ru, Rh, Ni, Pd, Pt, Cu, Au etc) and
alloys (Co–Ni, Au–Ni, stainless steel, Ni–Mo) [76–81]. Figure 2.6 represents a
schematic illustration of the growth of graphene layer on a substrate by CVD. The
CVD technique involves a range of deposition techniques viz., thermal processes,
plasma-enhanced CVD (PECVD), photon-initiated CVD, and atomic layer depo-
sition (ALD), though the first two are the most popular ones employed for
fabrication of graphene. In thermal CVD, the substrate is placed in the furnace at
high temperature (750 °C–1200 °C) and a mixture of hydrogen, argon and methane
gases is passed through it. Once the chemical reaction is complete, a layer of

Figure 2.6. Schematic illustration of bottom-up graphene preparation by CVD.
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graphene is deposited on the substrate. Jacobberger and his co-workers utilised CVD
technique to fabricate self-aligned graphene ribbons on Ge (001) substrate with
potential application in the field of integrated circuits [82]. Recently, defect-free
graphene was fabricated on a Ti Catalytic layer through a low temperature CVD
method. This is widely considered to be a breakthrough in the field of transparent
thin film capacitors [83]. Through a different approach called advancing local
control of precursor concentration, Vlassiouk et al were able to synthesize a foot-
long monolayer single crystal of graphene films on polycrystalline substrates [84].
Unlike thermal CVD, PECVD involves the generation of plasma inside a vacuum
chamber by the reacting gases, leading to the deposition of thin film on the substrate
surface. In this technique, the synthesis process can be carried out at relatively low
temperatures compared to the normal thermal CVD due to which the former is more
industrially sustainable. Bilayer graphene films fabricated with a low temperature
PECVD help to realize many of the potential uses of graphene in a variety of
applications [85]. Site and alignment controlled narrow graphene devices can be
directly fabricated from nickel nanobars by a plasma-assisted CVD method, and is
expected to allow integration of graphene nanoribbons with silicon technology [86].
Recent advancement in the field of PECVD involves horizontal growth of mono-
layer and multilayer graphene sheets, vertical growth of graphene nanostructures,
deposition of graphene layers on nanostructured substrates, and growth of multiwall
carbon nanotubes [87]. Another key feature of this CVD technique is that it can be
used for the fabrication of doped and functionalized graphene. Zhai and his co-
workers synthesized N-doped graphene films through a metal-free PECVD techni-
que [88]. Large-area, wafer-scalable graphene field effect transistor, functionalized
with 1-pyrenebutyric acid N-hydroxysuccinimide ester and conjugated with anti-
CD63 antibodies was prepared, which could be an effective tool for early detection
of cancer [89].

Another classification of CVD is based on the transfer technique of graphene
films from a substrate to the target substrate. The different transfer techniques are:
(1) transfer with the help of a support layer onto target substrates; (2) transfer
without any support layer onto target substrates; and (3) direct growth of CVD
graphene on target substrates without any post-growth transfer process. The use of
supporting layer is one of the popular ways of obtaining graphene films. Usually,
metals and polymers serve as supporting layers since they can be easily removed
using etching solutions after the transfer of graphene films. However, it is worth
mentioning that the current metal-assisted or polymer-assisted graphene transfer
inhibits complete removal of the supporting layer and hence it cannot be used for
ultraclean graphene-based electronics. An alternate approach to fabricating gra-
phene is to avoid the supporting layer. It is recognised that the surface tension of the
etching solution helps to remove the supporting substrate. Focussing on this point,
Lin et al [90] reduced the surface tension of the etching solution by adding isopropyl
alcohol ammonium persulphate into it. Using this technique they were successful in
introducing a new polymer-free method to fabricate large-area CVD graphene on
any substrate. An ideal way of growing high quality graphene is through direct
growth of the material on the desired substrate. This directly grown graphene film on
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dielectric substrates is found to exhibit high electrical conductance and optical
transmittance, thus making it suitable for transparent conductive electrodes [91].
Bilge et al elaborately studied the growth mechanism of directly grown graphene on
germanium substrate through thermal CVD and PECVD [92]. The novelty of this
PECVD method was that it successfully employed a growth temperature much
lower than (by 200 °C) the melting point of germanium for graphene production.
Based on the grain size and strain properties, a model was proposed for the growth
of graphene on any substrate. High quality graphene was directly grown on Cu ink
deposited on polyimide by PECVD method which has the potential to be used in
flexible electronics and Internet of Things (IoT) [93].

2.3.2 Epitaxial growth on silicon carbide

The epitaxial growth of graphene by thermal decomposition of SiC is a widely
approved technique to prepare high-quality graphene [94]. On annealing SiC
substrate at high temperature and ultra-vacuum conditions, Si atoms will be
desorbed from the surface leaving behind carbon atoms to form graphene films of
thickness less than 50 μM (figure 2.7). The fabrication of uniform epitaxial graphene
on C-face 6H-SiC substrates with a sputtered SiC film could be used for manu-
facturing analogue high frequency devices [95]. The latest advancement in this field
is the fabrication of multilayer graphene on SiC using a high-power continuous
laser. The obtained graphene/SiC samples were highly conductive and had a sheet
resistance of as low as 0.43 Ω [96]. Even though these samples are widely used for
high conducting electronic application, a major flaw in this method is that the
underlying SiC substrate always tries to retard the carrier mobility of the graphene
layers. Briggs and his co-workers introduced a novel approach to separate out
graphene layers formed on SiC substrate by intercalation of atomic species between
the layers, resulting in quasi free-standing graphene layers with improved carrier
transport [97]. Hongyan and his co-workers employed Ga–Pd alloy as a catalyst to
induce decomposition of S–C bonds from SiC substrate, which facilitated the

Figure 2.7. Diagrammatic representation of graphene synthesis by epitaxial growth on SiC.
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deposition of epitaxial layers of graphene films on both the interface between Ga–Pd
alloy and SiC substrate and the upper surface of the alloy [98]. This transfer-free
strategy of graphene synthesis can also be employed to grow graphene on other
dielectrics too, by simply placing the material face down on the surface of the alloy.

2.3.3 Pyrolysis

In addition to the aforementioned synthesis techniques, various forms of pyrolysis
techniques are also used for graphene preparation. Pyrolysis involves the thermal
decomposition of carbon-based materials in the absence of oxygen. Thermal
pyrolysis technique involves the fabrication of graphene on metal surface by the
pyrolysis of different carbon sources like ethanol or biomass [99, 100]. However, in
this method the final yield of graphene is limited. In another work, ultra-low density
three-dimensional (3D) macroassemblies of graphene sheets with high electrical
conductivities and large internal surface areas were synthesised by pyrolysis of a gel
mixture of resorcinol, formaldehyde and GO [101]. A latest research article reported
the synthesis of foamed graphene flakes by a one-step pyrolysis of polyethylene
glycol/MgO composites which can be applied in supercapacitors and lithium-ion
batteries [102]. In a most recent study, ultrasonic pyrolysis was used to fabricate
graphene with ultrahigh carrier mobility and remarkable optical transparency for
applications in photodetectors [103].

Another variant of this technique, called spray pyrolysis, is used for the
fabrication of graphene. A notable advantage of this method is that it allows thin
and homogenous deposition of graphene films on a heated substrate through the
deposition of aerogel droplets of nebulised graphene dispersion [104]. Another key
benefit of this technique is that it does not require high temperature and vacuum
conditions for the synthesis. Recently, a cost effective spray pyrolysis approach was
proposed by AlShammari and his co-workers for the preparation of reduced
graphene oxide (rGO) from GO dispersion [105]. Their study conveyed the
reduction in optical bandgap of rGO from 4.2 to 3.27 eV, when the spray cycles
were increased from 2 to 10. The enhanced photoelectric and photodetection
properties observed for this rGO thin film could be utilized in advanced metal–
semiconductor–metal (MSM) optoelectronic devices. In another work, a novel route
was introduced to fabricate high quality graphene quantum dots through a low
vacuum hydrogen-assisted pyrolysis of silicon carbide (SiC). The obtained quantum
dotes are highly-ordered crystalline structure with very high purity [106, 107].

In recent years, biomass pyrolysis method has gained a lot of interest in the
scientific world since it facilitates the production of graphene from organic waste
and other renewable carbonous sources. Graphene synthesis from biomass leads to a
zero waste scenario. The most popularly used biomass pyrolysis methods can be
categorized as salt-based, template based and chemical blowing based [108]. The
salt-based pyrolysis of waste materials enables the production of graphene on a large
scale. This method is attractive in that the salts used can be recycled by water
washing and crystallisation. The salts included can serve as either an inert solvent
forbidding the shrinkage of graphene sheets or a graphitic catalyst. In an experiment
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performed by Ali et al, the pyrolysis of plastic waste along with molten NaCl led to
the formation of graphene sheets with a very high conductivity of 1150 S m−1 and
surface area of 522 m2 g−1 [109]. The molten salt enhanced graphitisation and
crystallinity of graphene product due to the high diffusion rate of oxygen ions in the
solvent [110]. This single step plastic derived graphene synthesis method produces
the highest quality graphene which has been reported so far. In another work, the
same authors compared the effect of various molten salt on the synthesis of graphene
[111]. They observed that the quality of graphene obtained with molten NaF, KF
and NaCl was much greater than that obtained when using ZnCl2 and MgCl2 and
KCl. They proposed that the wettability of carbon surface by molten salt plays a key
role in enhancing the graphitisation degree and crystallinity of graphene. The
graphene sheets obtained using KF exhibited better crystallinity owing to their
greater ionic radii of K+ (152 pm) than Na+ ion. Although the reaction mechanism
is different, chemical blowing is similar to the salt-based synthesis method. Here, the
conventional strategy is to blow molten sugar using NH4Cl as a blowing agent. The
gases released during the process made the walls of the biomass precursor thinner
and helped in efficient exfoliation. Several modifications were made on the above
synthesis method so as to obtain high specific area and high specific capacitance.
Jung et al included CO2 and KOH along with NH4Cl. The obtained porous
graphene exhibited high specific area of 3657 m2 g−1 and specific capacitance of
175 F g−1 [112]. The use of agaric solution along with NH4Cl, leads to the
production of graphene with a specific surface area of 2200 m2 g−1 [113]. In some
biomass pyrolysis techniques, layered structures of g-C3N4, clays, gelatine and
zeolites can be used as a template for graphene synthesis. This method needs to be
modified further to use biomass material as template material.

Roy and her co-workers developed an eco-friendly pyrolysis method, where non-
conventional sources like tannic acid, alginic acid, and green tea were used for
graphene synthesis [114]. The obtained graphene films exhibited a specific capaci-
tance of 315 F g−1, making them suitable for green supercapacitors. The most
interesting property exhibited by the prepared sample was room temperature
ferromagnetism, due to which they can be used for spintronic applications. High
quality 3D graphene foams (3D GFs) were synthesized by the use of renewable
precursors and waste heat [115]. Here, the pyrolysis of biomass generated a large
amount of gases and waste heat. Utilising these by-products as the carbon
precursors, resulted in 3D GFs with superior performance in energy storage
applications. The authors also claimed that the incorporation of pyrolytic route in
the conversion of biomass into graphene has much less impact on human health and
the ecosystem when compared to the conventional CVDs. Yuxin et al successfully
fabricated few-layer GO through a shear exfoliation of carbon containing energy
crop miscanthus [116]. The pyrolysis temperature played a key role in converting the
biomass to pyrolytic biochar. At 1200 °C the resultant biochar was highly aromatic
with functional groups that facilitate efficient exfoliation to form six-layer GO.
Today, more efforts are being made to use renewable sources as the starting material
for the fabrication of graphene and graphene-based compounds.
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2.3.4 Rapid thermal annealing

Rapid thermal annealing (RTA) technology helps to realize graphene synthesis on a
wide range of substrates from different carbon precursors [117]. The main advantage
of rapid thermal annealing compared to the classical furnace is that this method
offers precise control of the annealing temperature as well as the cooling process.
The basic steps involved in the synthesis of graphene using RTA are: (i) pre-
treatment of substrate enabling defect-free growth of graphene films; (ii) deposition
of carbon and metal source on the substrate; and (iii) growth of graphene films under
rapid thermal annealing and cooling [118]. Usually, the preferred support substrate
includes Si, SiC or graphite. The presence of metal catalysts like Ni, Cu and Co films
provides a better route for the synthesis of graphene layers of low defect concentration.
Bleue et al experimentally demonstrated that pulsed laser deposition of solid carbon
source in the presence of Ni catalyst on Si and SiO2 substrate leads to the formation of
high quality graphene films [119]. Several researchers have exploited the RTA method
to investigate the effect of different carbon precursors on the quality of graphene films
obtained. Prekodravac and his co-workers concluded that the selection of amorphous
carbon as the initial source has no prospects for graphene synthesis, whereas adopting
graphene quantum dots and fullerol, even at very low concentrations, resulted in the
formation of single-layer graphene films [120].

The main disadvantage associated with the RTA method is the inclusion of metal
films as catalysts. A strong acid treatment is involved to etch out the metal film for
transferring the graphene films. To overcome this difficulty, a capping agent like
polymethyl methacrylate (PMMA) served as a good protector for graphene layers
during the transfer process. Figure 2.8 shows different ways of removal of PMMA

Figure 2.8. Typical methods exerted on post-transferred graphene to eliminate PMMA residues, including
(a) thermal annealing, (b) plasma treatment, (c) ion beam, (d) light treatment and (e) mechanical treatment,
through which (f) a clean graphene surface can be obtained. Reproduced from [121], copyright (2021), with
permission from Elsevier.
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for superclean graphene [121]. PMMA can also be used as a carbon source for
graphene synthesis in SiO2 or Cu foil substrate.

2.3.5 Flash Joule heating

Although graphene has been regarded as the ‘wonder material’ since its discovery in
2004, its wide-scale implementation in the areas in which it was predicted to bring
about revolutionary changes, still remains far from reality [122]. Some experts
believe that decades of research and technological innovations are required before
graphene-based technologies could live up to the expectations surrounding them
[123]. One of the major reasons for this belief has been the inability of popular
bottom-up graphene synthesis methods like CVD, to produce graphene on a large
scale. While top-down approaches like exfoliation method and advanced synthetic
organic method are the most popular methods used in industries for bulk graphene
production, what these methods do is only to separate physically or chemically the
already fully formed graphene from graphite or CNT [124]. However, in applica-
tions like solar cells, sensors etc which require large and continuous graphene films,
these methods cannot be of much help. This is where bottom-up methods like CVD
are useful. Nevertheless, the bottom-up methods also have some limitations such as
low yield in the case of CVD and highly defect ridden structure in the case of
preparation in bulk solution [122]. It is obvious that at the industrial level, product
prototyping requires hundreds of such high quality films with good reproducibility,
which is tedious and expensive. In addition, for realising all the predicted revolu-
tionary changes, kilograms of graphene sheets are to be produced every day, not
necessarily as films on substrates, which is something the most popular bottom-up
methods are not capable of. Thus the graphene industry is still continuing the quest
for an efficient bottom-up synthesis method which can produce graphene in bulk
quantities.

A promising breakthrough occurred when Luong et al in 2020 employed Flash
Joule heating (FJH) to synthesis graphene structures in gram-scale from carbon
sources such as carbon black, coal, rubber tyres, biochar etc [125]. Even though FJH
has been reported to be used in the sintering process of ceramicmaterials formore than
a decade, this was the first time it was used for the synthesis of high quality graphene. It
is apparent that the inspiration to use FJH comes from the success of LASER induced
graphene (LIG) which converts carbon rich materials such as polymers and paper to
graphene foam through rapid localized heating. FJH too relies on this principle,
except that instead of using LASER to produce high temperature, it operates on the
principle of conversion of electric energy directly into thermal energy by means of a
resistor. Luong et alused the setup shown infigure 2.9 to synthesize graphene, inwhich
two electrodes can be seen placed inside a quartz tube, compressing the carbon source.
The resistance could be minimized by controlling the compressing force to obtain
ampleflash reaction.Although the experimentwas initially conducted at lowpressure,
it was clarified that FJHmethod can perform equally well at 1 atm. A capacitor bank
charged by aDCsupplywith amaximumvoltage of 400Vwas used to produce electric
dischargewhich expose the carbon source to temperatures in excess of 3000K in about
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100 ms. This converted the carbon source into so-called flash graphene (FG) with
turbostratic arrangement.The authors confirmed the high quality of the graphene thus
produced using Raman spectroscopy. The oxygen content and defects in the samples
variedwith the startingmaterial. The yieldwas the highest (80%–90%) for high carbon
sources like carbon black and calcined coke with a 99% purity. Thus, the FJHmethod
is now expected to remove many bottlenecks in the industrial production of graphene
not only because of its high yield but also due to the fact that it does not use solvents or
reactive gases.

The same group in another report, investigated the morphology and properties of
FG produced from carbon black. In this work they mainly tried to comprehend the
assembling mechanism of turbostratic flash graphene (tFG). The setup employed
was the original one used in the previous work and the electrodes were charged to
120 V. The carbon black was heated to a temperature of ~3000 K in a few
milliseconds, which converted it to tFG. The planar crystals of fFG thus formed
were found to be aligned in the direction of the current. After 100 ms of heating the
bulk production of tFG was confirmed with a small quantity of graphitized carbon.
The graphitic particles were called wrinkled graphene as they have many bends and
were about 3–8 layers thick. From atomistic simulation the authors concluded that
the generic thermal annealing predominantly produces wrinkled graphene, which
has minimum alignment of graphitic planes unlike tFG. They were also able to
exfoliate tFG easily by applying shear without chemical treatments. Transmission
electron microscope (TEM) images of tFG and wrinkled graphene are shown in

Figure 2.9. Schematic diagram of the sample setup of FJH system for conversion of various waste materials
into flash graphene.
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figure 2.10. Algozeeb and his co-workers in the same year reported the synthesis of
flash graphene from plastic waste (PW) [127]. The authors presented this as an
alternative approach to the physical and chemical recycling of plastic. They pointed
out that flash synthesis avoids the requirements of human labour-intensive sorting of
plastic materials associated with physical recycling and the huge energy consump-
tion and poisoning of catalysts associated with chemical recycling method such as
pyrolysis, due to which it is more advantageous at the industrial level. Both direct
current (DC) FJH and alternating current (AC) FJH were used to synthesize FG
and it was found that the AC-FJH method, which can be sustained for seconds, is
more advantageous with PW. This is because this extra time helps in the release of
sufficient volatiles and converts the PW into intermediate AC-flash graphene with
high I2D/IG peak ratio from Raman spectra. This process helps to iron out the
pyrolysis process. However, the AC-FG graphene thus produced has to be subjected
to single DC-FJH pulse to produce high quality tFG. The authors primarily verified
this by noting the enhancement in the I2D/IG peak ratio and a reduction in the D
band intensity in Raman spectra. The evolution of Raman spectra of PW such as
high density polyethylene (HDPE), poly(vinyl chloride) (PVC), polyethylene ter-
ephthalate (PET), low density polyethylene (LDPE), and polystyrene (PS), poly-
propylene (PP) and their mixtures can be seen in figure 2.11. In addition to FG, FJH
also produces carbon oligomers, light hydrocarbons and hydrogen. Despite this, the
authors project FJH as an environmentally beneficial method for the upcycling of
PW. Yet, they admit that a full-lifecycle analysis is necessary to explore the full
utility this method.

Figure 2.10. (a) TEM images of tFG showing rotational mismatch as striations (scale bar: 5 nm). (b) FFT
image of a portion of the first image (region in red box) (scale bar: 2 nm). (c) TEM image of tFG showing more
rotational mismatch (scale bar: 5 nm). (d) TEM image of wrinkled graphene (scale bar: 200 nm). (e) High-
resolution TEM image of wrinkled graphene (scale bar: 10 nm). Reproduced with permission from [126],
copyright 2020, American Chemical Society.
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Along with these developments, the very same group reported the production of
tFG from rubber waste feedstocks [128]. By adjusting pulse voltage and time, they
developed tFG with high I2D/IG peak ratio. From their studies they concluded that
incorporation of tFG in Portland cement leads to an enhancement in the compres-
sive strength of the composite, which could greatly curtail the energy use and
greenhouse gas emissions that occur during the production of cement. In a most
recent work, Chen et al used the FJH to develop seven different types of heteroatom
doped graphene [129]. This included single-element-doped (boron, oxygen, nitrogen,
phosphorus, sulfur), two-element co-doped (boron and nitrogen), and three-element
co-doped (boron, nitrogen and sulfur) FG. These samples exhibited good tFG

Figure 2.11. Raman spectra of (a) AC-FG and (b) ACDC-tFG. Plastic mixture in the samples are 40% HDPE,
20% PP, 20% PET, 10% LDPE, 8% PS, and 2% PVC. (c) Raman spectrum of tFG obtained for ACDC-tFG
from PVC, with the turbostratic FG bands in the inset. (d) Temperature profile of the AC-FJH processes
obtained using an IR spectrometer and blackbody radiation fitting. Reproduced with permission [127],
copyright 2020, American Chemical Society.
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structure and were dispersible in water-pluronic solution. They also concluded that
since heteroatom doping changes the electronic structure of graphene, its applic-
ability as an electrochemical energy storage material would be substantially
improved. Thus, FJH can produce both doped and undoped FG from almost any
carbon source. Its advantage is the bulk production capability and good quality of
graphene. However, although FJH is projected to be the next big thing in the field of
graphene bulk production, it is yet to prove its mettle at the industrial level.

2.4 Challenges and the way ahead
Scientific advancements in the field of graphene synthesis have been rapidly
progressing to bring forth the wonder material’s superlative properties for high-
end industrial applications. Industrialization requires the production of graphene
with large area/quantity and high purity under stable and low-cost conditions.
Currently, all the methods mentioned so far are immature or expensive, thereby
preventing global industrialization and commercialization of this miracle material.
The CVD currently remains the most preferable industrial method for the produc-
tion of graphene films, whereas physical exfoliation remains the most popular one
for the growth of bulk graphene. However, physical exfoliation, like other top-down
methods is limited by the quality of the starting material and strong inter-sheet
interactions. This highlights the necessity of developing a novel bottom-up synthesis
method for bulk graphene production which ensures high quality as well as quantity.
FJH seems to be the frontrunner for this position. Its ability to synthesize
turbostratic graphene in gram-scale from almost any carbon feedstock is observed
with great interest by the graphene research community all over the world. Also, this
method has substantial environmental benefits in that it does not use solvents and
utilizes comparatively less energy to produce graphene. However, as this method has
only been in the picture since 2018, questions about its industrial opportunities and
challenges pertain. The flash Joule synthesis of graphene is an intellectual property
of Rice University and the method is currently licenced by the company Universal
Matter Ltd [123]. The company was able to make their manufacturing prototype
line operational in the first quarter of 2022. Therefore, if everything goes as planned,
the world will witness the first industrial-scale bottom-up synthesis of graphene very
soon. Yet, this method suffers certain drawbacks which need the immediate attention
of researchers. Firstly, the optimization of reaction parameters such as heating rate,
energy density etc for new feedstocks is done through a laborious trial and error
method. It will take a considerable amount of time and laboratory level character-
ization to incrementally improve the properties and eventually obtain the desired
product. Secondly, the flash Joule mechanism is extremely difficult to study since the
formation of graphene occurs in just hundreds of milliseconds. Furthermore, most
FJH reactors in use today do not provide precise control over current discharge profile
due to which even a slight fluctuation in circuit to sample contact can sometimes make
it difficult to map the relationship between structure and properties. Recent studies
predict that machine learning could be used to overcome these hurdles as it has the
potential to predict the level of crystallinity, extract fundamental information
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regarding structure and properties and drive process optimization. Certain machine
learning models have already been employed to optimize parameters so as to improve
the crystallinity of FG [130]. A continuation of these studies could help to better
understand the FG synthesis process more deeply and enable further optimization of
parameters leading to maximization of its potential for commercialization.

Along with FJH, other graphene synthesis methods are also incrementally
improving themselves to meet the industrial requirements for graphene production.
However, irrespective of the synthesis method used, the most worrisome issue which
inhibits the successful development and applications of graphene related technolo-
gies is the poor quality of graphene available in the market. Therefore, industrial
graphene production requires uncompromising quality control. To ensure this, the
industry must utilize characterization techniques like Raman spectroscopy, AFM,
TEM and so forth in a more comprehensive way than how they are used in academic
research laboratories. This means that these techniques have to be used multiple
times on multiple regions to ensure the purity and size uniformity of the ‘black
powder’. Another factor stalling graphene research is the indiscriminate financing by
governments in the form of grants and other commercial funds. Investing for
research labs and fundamental research will not always help to overcome funda-
mental obstacles for commercialization like the problems associated with the present
industrial synthesis methods. Instead, funds must be allocated at the right time and
to the right places. Consequently, funding focussed explicitly on the large-scale
fabrication of high-quality graphene is of utmost importance as it might help to
remove one of the greatest bottlenecks towards graphene commercialization.
However, funding is not everything; strategic partnership between companies
including start-ups and government-sponsored academia and R&Ds as well as
cross-industry collaborations could help to eliminate many hurdles associated with
graphene production and help in the tailored tuning of its properties according to the
requirement. Apart from these steps, to improve the quality of industrial graphene,
the future methods for graphene production must also consider going ‘green’.
Currently, many methods used for graphene synthesis do not fit under the label
‘environment friendly’ which is worrisome. Along with this, the focus must also be
on developing graphene from waste materials including non-biodegradable ones like
plastics and glass. These are some of the important considerations for the industrial
level large-scale preparation of high quality graphene suitable for commercial
applications. Having discussed this, it must be recognised that graphene research
is still in its premature phase and the developmental work to transform ideas into
realistic procedures and products takes time and money.
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Since the discovery of graphene in 2004, 2D materials have attracted huge interest
from the research community. Among several graphene-based materials, graphene
oxide (GO) and reduced graphene oxide (rGO) stand out in this scenario, being
widely investigated and applied in many different areas. GO is the oxidized form of
graphene, in which oxygen-containing functional groups are attached to its surface.
GO reduction is performed by removing its oxygen functionalities, giving rise to
rGO, a material with structure and properties much closer to that of pristine
graphene. An important advantage that enabled their extensive use is that they can
be easily synthesized using simple and inexpensive solution-based methods with high
yields. GO and rGO present many opposite characteristics, and the routes employed
during the synthesis play a crucial role in their final properties. In this chapter, the
basic aspects of GO and rGO are addressed and their main synthetic routes and
functionalization methods are reviewed. Next, their physicochemical properties are
discussed and some fundamental characterization techniques are explored. Finally,
up-to-date challenges and prospects involving graphene-based materials are also
discussed.

3.1 Introduction
Since the mid-20th century, many advances related to nanotechnology have been
achieved. Among them, the discovery of graphene in 2004 is certainly one of the
most notable [1–4]. Along with the great previous interest in carbon nanotubes
(CNTs) [5], the development of 2D materials (which were previously not believed
to be possible) with enhanced electrical and thermal conductivities, high
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mechanical strength, optical transparency, and good chemical stability, boosted
even more the research on carbon-based materials [3, 6, 7]. Such features made
graphene be considered the wonder material of the 21st century. Although some
recent advances have been reported [8], the difficulty of producing high-quality
graphene on a large scale, in addition to some limitations of use, such as in
solutions, were challenges that needed to be overcome to use graphene in
commercial applications [3, 7, 9].

Even so, the discovery of graphene has raised a huge interest in the scientific
community about graphene-based materials, especially GO and rGO [9, 10]. GO is
the oxidized form of graphene. In addition to the hexagonal carbon structure similar
to that of graphene, GO also presents oxygen functionalities, such as hydroxyls,
carbonyls, carboxylic acids, epoxy, and alkoxy groups, and its degree of oxidation
can be evaluated by the C/O ratio [3, 9–11]. GO is generally obtained through the
oxidation of graphite, which will initially give rise to graphite oxide. Such a process,
responsible for anchoring the functional oxygen groups in the graphite layers,
enables the dispersion of the material in a wide range of solvents. In this way, when
graphite oxide is exfoliated, it gives rise to GO, i.e., the materials differ only
structurally, in relation to the number of stacked layers, and not chemically [3]. In
addition to the easy dispersion acquired, the oxidation of the graphite layers gives
rise to many different characteristics compared to graphene, especially regarding the
electrical and electrochemical properties [3, 10].

One strategy to synthesize a material with characteristics closer to those of
graphene is to perform the chemical reduction of GO to obtain rGO [10, 12]. The
reduction process can be carried out using different synthetic routes, such as
chemical reactions, thermal and electrochemical processes [3, 10, 13]. The reduction
is responsible for removing the oxygen functionalities from the GO layers, increasing
the C/O ratio, and, consequently, increasing the graphitic characteristic of the
material. However, such a process, regardless of the route used to perform the
reduction, is not able to entirely remove the oxygen functionalities and can generate
defects in the structure of the material [3, 12]. Thus, it is important to differentiate
rGO from graphene, which is often called pristine graphene to emphasize the
presence of a perfect structure. The formation of rGO can be observed by a change
in the reaction medium color and the dispersion of the material since the oxygen
groups are removed and the hydrophobicity is regained. The synthesis of rGO is an
interesting alternative to achieve, in an easy and viable way, and with a high yield, a
material with properties similar to those of pristine graphene with excellent
performance in many applications [3, 10, 12].

The term ‘graphene’ as a reference to the single-atom-thick sheet of sp2-bonded
carbon atoms arranged in hexagonal rings was coined in 1986 by Boehm et al [14].
Although ‘graphene’ term has been overused since it should refer only to the pristine
isolated monolayer [15], it has been demonstrated that the increase in the stacked-
layer number can significantly change the electronic properties of the material [7].
Bilayer graphene still holds approximately the same electronic properties and is also
considered a zero-gap semiconductor. However, from three layers or more, the
valence and conduction bands start to overlap. The presence of more than 10 layers
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leads to graphite-like characteristics. In this way, the number of layers can be
furnished by the appropriate nomenclature, i.e., bilayer (2 sheets) or few-layer (3–10
sheets) graphene [7, 15].

Interestingly, the first reports about the synthesis of graphite oxide and attempts
to remove its oxygen functionalities are from much earlier than the discovery of
graphene, dating back to 1859 [16] and 1963 [17], respectively [3]. However, the
achievement of graphene increased the interest in similar materials and, conse-
quently led to an enhancement in the efforts to exfoliate and reduce graphite oxide.
In figure 3.1, it is possible to observe how the occurrence of the term ‘graphene
oxide’ increased in published works after 2010, the year in which Geim and
Novoselov were awarded the Nobel prize for the discovery of graphene [1].
Therefore, it is undeniable that the development of graphene represents a milestone
from which many advances in nanotechnology have been achieved [4]. In addition to
those involving graphene itself, there are also those involving similar materials, such
as GO, rGO, graphene quantum dots (GQDs), and other 2D materials.

The GO structure has been the subject of discussion since the first synthesis of
graphite oxide, which was further intensified after the discovery of graphene. The
elucidation of the structure is essential to understand the materials’ properties and
obtain the best benefit for a given application [3]. The first structure model of
graphite oxide was proposed by Hofmann and Holst in 1939 [18], whose model was

Figure 3.1. Number of scientific works published related to GO per year. Data obtained from Web of Science
accessed in August 2021 using the keyword ‘Graphene Oxide’.
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based on 1,2-epoxides throughout the whole sp2 graphitic structure. To add
hydrogens, in 1947 [19] Ruess introduced hydroxyl and 1,3-epoxides groups to the
structure model. After some advances obtained by other groups, the use of new
techniques, such as nuclear magnetic resonance (NMR), enabled the achievement of
more precise graphite oxide structure models [3, 10]. Lerf and Klinowski, at the end
of the 1990s [20], proposed a graphite oxide structure with two different regions: the
aromatic regions containing unoxidized benzene rings and the regions with aliphatic
six-membered rings, as depicted in figure 3.2(a). The authors proposed that hydroxyl
and epoxy groups were in the core of the sheets, while the carboxylic acids were at
the edges. The Dékány model (figure 3.2(b)) proposed in 2006 introduced phenol
groups in addition to hydroxyl, ether, ketone, and quinone groups [21]. The model
also differentiates two regions: one with trans-linked cyclohexane chairs and the
other with flat hexagons. Later, in 2009, Ajayan’s Group proposed a new model [22]
including the presence of five- and six-membered-ring lactols in the structure of
graphite oxide, as shown in figure 3.2(c). Since GO is the exfoliated form of graphite
oxide and the synthetic approach to produce GO can result in different structures,
these models are conveniently used for GO. In this regard, the Lerf–Klinowski,
Dékány, and Ajayan models are considered the most suitable to represent the GO
structure and the most likely to be obtained [3, 22].

Figure 3.2. (a) Lerf–Klinowski model of the GO structure with hydroxyl and epoxy groups in the core and
carboxylic acids at the edges. Reproduced with permission [20]. Copyright 1998 American Chemical Society.
(b) Dékány model of the GO with the surface oxygen groups and the folded carbon skeleton. Reproduced with
permission from [21]. Copyright 2006 American Chemical Society. (c) The GO structure proposed by Ajayan
and co-authors introducing the lactol rings (blue). Reproduced with permission [22]. Copyright 2009 Springer
Nature. (d) rGO model with a high degree of reduction with few remaining oxygen functionalities and defects
in the carbon structure. Reproduced with permission [9]. Copyright 2010 Wiley.
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The structure of rGO is not a topic of intense discussion, as is the case of GO. The
route used for the reduction process is surely a determining factor in the final
structure of rGO [10, 12, 23]. Since the presence of oxygen functionalities leads to a
decrease in the electrical conductivity of the material, most of the processes usually
attempt to remove most of these groups without causing defects in the layer’s
structure. In this regard, combining more than one reduction route seems to be the
most appropriate alternative [13, 22]. However, a slightly inferior reduction degree
can also be chosen to maintain a higher dispersibility of the rGO in a given solvent
while gaining enhanced electrical properties. In this case, the strategy is therefore
related to the parameters used in the synthetic reduction routes, such as the reducing
agent, reduction time, temperature, among others [23–25]. Figure 3.2(d) shows the
schematic illustration of a highly reduced GO structure, but still containing
remaining functionalities and defects in the carbon skeleton.

This chapter aims to provide the most important concepts of GO and rGO,
starting with the synthetic routes used to obtain such materials. Next, the
physicochemical properties of GO and rGO, as well as their characterization
techniques and potential applications are addressed. Finally, the potential benefits
to be achieved by GO and rGO applications in the near future are also discussed.

3.2 Synthesis
3.2.1 GO synthesis

The first oxidation of graphite was reported in 1859 by Benjamin C Brodie in an
attempt to measure its molecular weight [16]. The basis of Brodie’s graphite
oxidation method relies on the reaction of graphite using strong acidic conditions,
potassium chlorate, and fuming nitric acid for up to four days at 60 °C. This
method took many days and consisted of repetitions of the oxidation steps
intercalated with water rinsing. After drying in a vacuum at 100 °C, a transparent
dried product was obtained. Similar to Brodie’s oxidation reaction, the
Staudenmaier procedure, described in 1898, proposed the oxidation of graphite
by a mixture of nitric and sulfuric acids [26]. Another noteworthy approach related
to GO synthesis was made in the 1930s by Hofmann and collaborators [18, 27, 28],
employing concentrated sulfuric acid, nitric acid, and potassium chlorate. Over
time, the oxidation of graphite went through optimizations and improvements to
decrease the reaction time, the amount of reagents used, and to increase the safety
regarding the chemical reactions for the oxidation process [3]. In 1958, Hummers
and Offeman introduced the use of potassium permanganate as oxidizing agent,
giving rise to a safer synthesis and a graphite oxide with a higher degree of
oxidation [29]. This method contrasts the previous ones because it uses only one
acid as solvent (concentrated sulfuric acid), sodium nitrate, and sodium perman-
ganate salts, which is treated with 3% oxygen peroxide to produce the reduced
form of manganese, manganese sulfate. The synthesis lasts approximately 2 h and
is schematically illustrated in figure 3.3(a) [29, 30].

The method employed to obtain GO severely impacts its physicochemical
properties and morphology. Poh et al compared three popular methodologies of
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GO production: Staudenmaier, Hofmann and Hummers [31]. The authors verified
that the Hummers’ method produced the largest distance between graphene layers.
Also, the Hummers’ method presented the highest degree of oxidation and a lower
amount of N and S atoms in the GO sheets [31].

The mechanism of GO synthesis from graphite with the introduction of oxygen-
containing moieties into graphite sheets, despite not yet completely described and
understood, can be summarized by the following steps: (i) formation of oxidizing
species, (ii) graphite intercalation compound formation, (iii) diffusion of oxidizing
species between graphite sheets, and (iv) oxidation reaction [30, 32, 33].
Experimental [32] and theoretical studies [34] indicate that the mechanism of
introducing oxygen moieties into graphite layers takes place initially at the edges
and the defects of the sheets, as schematized in figure 3.3(b).

3.2.2 Modifications in GO synthesis

The Hummers’ method has been widely used to obtain GO, as well as several other
methods adapted from it. These new methods are so-called modified or improved
Hummers’ methods, in which some parameters are changed aiming to avoid the
production of toxic gases (such as NO2, N2O4, explosive ClO2), reaching a less time
consuming reaction, generating a graphite oxide with a higher degree of oxidation, and
performing the doping of the oxidized material [3, 10, 35–37]. In this sense, in 2010,
researchers developed a new methodology, called the Tour method, to produce
improved GO (IGO) by performing the oxidation step with a mixture of sulfuric
and phosphoric acids (9:1) and adding an equivalent amount of sodium permanganate
salt with respect to the graphite mass [38]. The authors used x-ray photoelectron

Figure 3.3. (a) Schematic diagram of Hummers’ method for GO synthesis. Reproduced from [30]. Copyright
2019 with permisison from Elsevier. (b) (i) Edge-to-center oxidation progress direction and (ii) oxidized
domains compared to graphite domains. ΔS and S are the oxidized domain and graphitic areas (μm2),
respectively. Reproduced from [32]. Copyright 2018 with permission from Elsevier.
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spectroscopy (XPS) to show that the oxidation level of IGO synthetized by the Tour
method was higher than those obtained using the Hummers’ process.

Features such as size [39, 40] and origin (natural or synthesized) [41] of the
graphite employed as the carbon-based source in the GO synthesis will also affect
the final properties of the product. For example, synthetic powder and natural flake
graphite processed by the same Hummers’ reaction conditions lead to the formation
of GO with different oxidation degree levels and, therefore, different relative
amounts of epoxy/hydroxyls, carbonyl, and carboxylates functionalities [42].
Lavin-Lopez and collaborators, aiming for less time consuming and lower-cost
routes to obtain GO structures, investigated the influence of different synthetic
parameters, including oxidation conditions, reaction time, and the number of
washes [43]. The authors demonstrated that the reduction in reaction time, from
12 h to 3 h, presented no drastic effect on the structural disorder of the GO caused by
the introduction of oxygen groups during the oxidation step. Additionally, it was
also demonstrated that the use of 400 mL of H2SO4 and 15 g of graphite was more
efficient than using 40 mL of H3PO4 and 360 mL of H2SO4 in the presence of only
3 g of graphite.

In the past years, GO synthesis methods have been extensively explored by
researchers and, besides the traditional renowned oxidative methods (Hummer,
Staudenmaier, Brodie, Tour), additional novel steps, such as mechanical milling
[44], ultrasonic [45], hydrothermal/solvothermal [44], and microwave [46] processes
have been employed to assist GO synthesis and modulate the final material’s
properties. In brief, these procedures contribute to enhancing layer intercalation,
weakening van der Waals interactions, enhancing material dispersion, and avoiding
restacking of the layers [10, 30].

3.2.3 rGO synthesis

rGO is obtained by the removal of the oxygen functionalities anchored on the GO
surface, which partially restores of the π-conjugation system of the honeycomb
carbon structure found in pristine graphene. As previously stated, the reduction of
GO does not completely remove the oxygen functionalities and can generate
structural defects in the carbon skeleton [3, 12, 47]. Kuila and co-workers reviewed
the most commonly employed methodologies for GO reduction, including chemical,
thermal, electrochemical, microwave, hydrothermal, and photo-reduction strategies,
[48]. The analyses were made based on the modulation of rGO properties.
Moreover, the authors also discussed in detail the energy costs, time consumption,
and level of reduction achieved by each reduction method. Some interesting
conclusions could be drawn from their studies, such as chemical modifications can
be performed with toxic or eco-friendly reducing agents, the electrochemical method
allowed the control of the reduction degree, the thermal method was not economical
on energy consumption, and the microwave synthesis showed to be a fast reduction
method [48].

Different traditional chemical reducing reactants can be employed to convert GO
to rGO by chemical reaction, including sodium borohydride [49], hydrazine [50],

Recent Advances in Graphene and Graphene-Based Technologies

3-7



hydrazine monohydrate [51], hydroxylamine hydrochloride [52], and hydroquinone
[53]. In this sense, Lesiak and collaborators conducted the GO reduction with
different reducing agents, including sodium borohydride (NaBH4), hydrazine
(N2H4), sodium hydroxide (NaOH), formaldehyde (CH2O), and ʟ-ascorbic acid
(C6H8O6) [43]. X-ray diffraction (XRD) and XPS analyses demonstrated that using
NaBH4 as the reduction agent yielded less-stacked rGO (with an interlayer spacing
of 0.549 nm), while N2H4 yielded rGO with lower content of oxygen functionalities
[43]. Recently, a novel eco-friendly GO reduction method using bio-reductants has
gained popularity [54–56]. In this direction, Fernández-Merino et al reported the use
of ascorbic acid as an ideal substitute for hydrazine in the GO reduction [57]. The
authors compared many reducing agents, including sodium borohydride, pyrogallol,
and ascorbic acid, and showed that only the latter presented highly reduced
suspensions comparable to those provided using hydrazine. Additionally, they
showed that ascorbic acid could also be used in common organic solvents, such as
N,N-dimethylformamide andN-methyl-2-pyrrolidone. In another work, Abulizi and
co-authors demonstrated that ultrasound-assisted GO reduction accelerated the
rGO formation compared to the conventional mechanical mixing method, using
ascorbic acid as the reducing agent [25].

Thermal reduction methods for rGO synthesis eliminate oxygen-containing groups
by annealing (or heat treatment). In general, this reduction is achieved at high
temperatures under different atmospheres (Ar, Ar/H2, N2) [48, 58, 59]. The reduction
by thermal approach possibly starts with the remotion of intercalated water (≈140 °C–
180 °C), followed by carboxyl evolution (≈180 °C–600 °C), and then the remotion of
the hydroxyl groups (≈1000 °C) [60, 61]. Gao et al investigated the kinetics and
thermodynamics of the deoxygenation of GO sheets and demonstrated that thermally
rGO might differ from chemically rGO through the full/partial removal of different
oxygen functionalities [62]. Additionally, microwave [63, 64] and hydrothermal/
solvothermal [44, 50] methods can also be applied to GO reduction and are usually
conducted at temperatures lower than ≈250 °C.

The electrochemical reduction is a rapid and effective reduction method in which
the current applied against the GO allows the modulation of the rGO charge transport
[65], reduction degree [66], and avoids the generation of impurities [47, 48, 67].
Regarding the sample preparation, electrochemically reduced GO can be prepared in
a single step, when the GO is directly reduced from electrolyte dispersion, or in two
steps, when the GO is firstly deposited onto the electrode substrate and then submitted
to the electrochemical reduction [47].

Other important reducing methods include photo-reduction [68, 69] and laser
irradiation-assisted methods [70–73]. The latter is a fast and easy operational
procedure and chemical reactants-free. However, the reaction is confined to the
specific site of GO that is laser irradiated. In this way, laser-irradiated GO substrates
are promising platforms for achieving highly accurate patterns with a controlled
reduction degree. This is highly suitable, for instance, to fabricate electrodes for
electronics and sensor developments [72, 74, 75].
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3.3 Functionalization of GO and rGO
Pre- and post-modification of carbon-based structures are commonly used strategies
to boost their properties in order to achieve specifications for an intended
application. For instance, preserving sp2 carbon hybridization nature, and con-
sequently, π-orbitals that guarantee an improved electron transport characteristic
can be easily achieved by non-covalent modifications of rGO. The non-covalent
functionalization occurs basically through π–π interactions, van der Waals forces,
in situ growth/coating of other nanomaterials, ionic interactions, and hydrogen
bonds with oxygen-functional moieties, which lead to substantial improvements in
electrical and electrochemical properties [76, 77].

10,15,20-Tetrakis(4-trimethylammoniophenyl)porphyrin tetra(p-oluenesulfona-te)
(TPP-ammonium) is a π-bond rich porphyrin with recognized electron donor
character. Multiple-bilayered GO/TPP-ammonium films were fabricated due to
electrostatic and π–π interactions between porphyrin molecules and GO sheets [78].
The GO was then vapor reduced to rGO. The authors indicated that π–π interaction
between rGO/TPP-ammonium was stronger than in GO/TPP-ammonium due to the
enhanced π character of the rGO. A complete quenching of TPP-ammonium photo-
luminescence was observed in both composites. Several reports regarding the
fabrication of nanodevices employing the non-covalent interactions using rGO and/
or GO to obtain nanocomposites demonstrated the versatility of such modification.
For instance, this approach can be used for the obtention of rGO-based composites for
different sensing applications, including rGO-poly(p-phenylenediamine) for dopamine
detection [79], polyethyleneimine-rGO for gallic acid detection [80], DNA and GO
aptasensor (GO/Apt) for glycated human serum albumin (GHSA) detection [81], and
MoS2:GO composite for antibiotics detection [82].

In contrast, the covalent modification enhances the sp3 character, affecting the
π-orbital overlap. Covalent functionalization in rGO and GO sheets can be performed
in edge and basal plane sites. Edge reactions generally occur through the activation
of carboxyl groups, while basal covalent reactions take place mainly through ring-
opening mechanism [83]. Among the several chemical reactions available, cyclo-
addition [84], grafting [85], radical polymerization [86], photo-chemical [87], grafting
[85], Diels–Alder click reaction [88], amination [89], are examples of strategies used to
obtain covalently functionalized rGO and GO materials.

3.4 Physical and chemical properties
3.4.1 Structure

As previously stated, GO and rGO can be described as typical monolayer graphene
derivatives functionalized with different oxygen-functional groups, consisting of
carbon, hydrogen, and oxygen [90]. However, these elements do not present fixed
stoichiometric ratio due to various factors, including different aspects of graphite
precursor, oxidation conditions (concentration, temperature, pH, etc), and reduction
degree, being largely dependent upon the particular synthetic route employed [91, 92].
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Furthermore, the oxygen group is not from a single kind but a collection of oxygen-
containing groups, including hydroxyl and epoxy, generally located at the basal plane,
and carbonyl, carboxyl (among others) located at the edges of the sheets [90].
Moreover, the topological defects, such as holes and disordered regions (areas of
high oxidation), are also present and scattered across the basal plane, and the density
of defects is also dependent on the oxidation level [91, 93]. As a result, the exact
structure of graphene derivatives is still largely unknown, and GO/rGO may be
described as a family of materials instead of a material with a specific composition
[94]. Consequently, their structures must be properly described in terms of C/O ratio,
surface area, lattice defects, particle size, spectroscopic features, among other aspects
[91, 93, 95]. In this scenario, a broad collection of complementary analytic tools has
been employed to investigate GO and rGO chemical composition and structural
features [93, 96], as will be discussed in the next section.

3.4.2 Dispersibility

The essential criteria for a dispersion to be useful is that the graphene-based material
must disperse in an appropriate solvent, at a useful concentration, and remain
dispersed over a reasonable period of time [97]. In summary, the dispersibility
follows the order: graphene < rGO <GO. The presence of the oxygen functionalities
alters the non-covalent interactions between the sheets, endowing GO with excellent
dispersibility and stability in water and other organic solvents, as illustrated in
figure 3.4(a) [90, 98]. This is important for processing, allowing the use of solution
processing techniques, including spraying, drop-casting, and spin-coating, and for
further derivatization [93, 95]. The affinity of GO sheets towards solvent molecules
has been assessed by physical parameters, such as dielectric constant, dipole
moment, surface tension, and Hildebrand solubility parameter [90, 98, 99].

On the other hand, due to the partial removal of oxygen-containing groups, rGO
is more hydrophobic than oxygen-enriched GO and much closer to the aromatic
character of graphene [95]. As a consequence, in the absence of dispersing agents,
rGO tends to agglomerate due to strong intermolecular (especially π–π and van der
Waals) interactions, thus forming aggregates or restacking to form graphite in
aqueous/polar medium [100]. For instance, Konios and co-workers evaluated the
effect of the reduction process on GO dispersibility and stability in eighteen solvents
[99]. The authors observed that GO presented long-term stability in polar solvents,
such as N-methyl-2-pyrrolidone, ethylene glycol, and water. After the reduction
process, rGO presented greater interaction with non-polar solvents, presenting high
stability in o-dichlorobenzene and 1-chloronaphthalene. In another work, Konkena
and Vasudevan evaluated the aqueous dispersibility of GO and rGO at different pHs
[100]. GO sheets formed stable dispersions in the pH range of 4–11.5, with the lowest
zeta potential of −54.3 mV at pH 10.3, while for rGO sheets, stable dispersions were
observed in more basic media (8–11.5). Their results suggest that the stability of GO
and rGO in water is a consequence of the presence of negative charges on the sheets
due to the ionization of the different oxygen functionalities. They also revealed, by
infrared spectroscopy studies, that in both GO and rGO, the negative charges arise
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predominantly from the ionization of the carboxylic groups. However, the presence
of phenolic and hydroxyl groups near the carboxylic groups lowers the pKa value of
GO by stabilizing the carboxylate ion, which leads to superior water dispersibility.
Therefore, according to the authors, the superior water dispersibility of GO is not
only due to the larger amount of ionizable oxygen groups, but also due to the
chemical nature of these functionalities.

Figure 3.4. (a) Digital photographs of GO dispersions in water and 13 organic solvents immediately after
sonication (top) and after three weeks (bottom). Reprinted with permission [98]. Copyright 2008 American
Chemical Society. (b) (i) Evolution of (Csp2 + Csp3), C–O, and C=O functional groups as a function of the
reduction reaction time and (ii) conductivity as a function of the reduction reaction time. Reprinted from [101],
with permission from The Royal Society of Chemistry. (c) Optical photographs of GO (left) and rGO (right).
After 1 h reduction in HI at 100 °C, the rGO film showed a shining metallic luster, due to the increase of
electrical conductivity and reflectivity of visible light. Reprinted from [102], copyright (2010) with permission
from Elsevier. (d) Normalized photoluminescence spectra of the GO and rGOs reduced at different
temperatures for different periods. Reproduced [103] under the terms of the Creative Commons Attribution
3.0 unported license. Copyright 2014 Nature.
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3.4.3 Electrical conductivity

Pristine graphene is known as a zero-gap semiconductor and its electrical conductivity
is associated with the long-range ordering of graphitic lattice [12, 104]. The
introduction of functional groups breaks the conjugated structure and localizes
π-electrons, decreasing the carrier mobility and carrier concentration [12].
Therefore, the electronic properties of the graphene derivatives are highly dependent
on the degree of structural disorder and the electrical conductivity can be modulated
by appropriately fine-tuning the oxidation/reduction parameters [12, 93, 105]. In this
scenario, Guex et al investigated the electrical properties of GO as a function of
reduction time by monitoring the increasing conductivity with a decreasing amount of
C–O bonds [101]. XPS analysis showed that during the first 8–12 min of reaction, the
increase in conductivity was mainly due to the reduction of hydroxyl and epoxy
groups. Moreover, the variation of the content of C–O bond functionalities with the
sum of Csp2 and Csp3 (figure 3.4(b-i)) revealed that the reduction of epoxy or hydroxyl
groups had a greater influence on the re-establishment of the conductive network of
rGO, as shown in figure 3.4(b-ii). Their reduction protocol allowed the achievement of
high conductivity values (1500 S m−1). It is important to mention that, although the
reduction of GO can increase its conductivity, there is a consensus that the inferior
electrical property of rGO, in comparison with pristine graphene sheet, originates
from the presence of residual functional groups remaining after the reduction process
and defects on the carbon structure. In addition to the surface chemistry (carbon and
oxygen-functional groups), the surface topography (roughness) and physical param-
eters (film thickness) also have an influence on the electrical conductivity of GO and
rGO, as demonstrated byMohan and co-workers [106]. The authors observed that for
both GO and rGO, films with smoother surfaces and lower thickness showed higher
electrical conductivity.

3.4.4 Electrochemical properties

The high surface-to-volume ratio of GO and rGO, in conjunction with their
reactive surface functional groups, make them very attractive for electrochemical
applications, such as (bio)sensing, electrocatalysis, energy conversion, and field-
effect transistors [93, 107, 108]. Furthermore, modulating the electrical conduc-
tivity allows the tunability of their electrochemical properties [91, 93, 108, 109].
Electrochemical impedance spectroscopy (EIS) has been commonly employed to
investigate the electrochemical properties of graphene-based materials [110]. For
instance, Casero et al reported the use of EIS to distinguish between the two forms
of graphene: GO and rGO [111]. They observed that the GO-based electrode
showed a finite-length diffusion, due to the covering of the GO surface by oxygen-
containing functional groups. In addition, the resistance of charge transfer was
found to be 70 and 21 Ω cm2 for GO and rGO, respectively, showing that EIS is a
reliable method for determining whether the graphene derivative is in its oxidized
or reduced form. Lei and co-workers employed cyclic voltammetry and galvano-
static charge–discharge techniques to evaluate the electrochemical properties of
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GO after reduction with urea [112]. The experimental results showed that the
porous and partially repaired graphitic structure favored ion and electron trans-
ports, and the residual oxygen-functional groups enhanced the capacitance
through additional Faradic redox processes. The outstanding electrochemical
properties of GO and rGO have also been explored to develop electrochemical
sensors and electroanalysis [107, 113–115].

3.4.5 Optical properties

The transition between insulating GO and conducting graphene state is accompa-
nied by changes in optical properties [116]. For example, the reduction process will
improve the reflection of the incident light, giving rGO film a metallic aspect
(figure 3.4(c)), as a consequence of the increase in the charge carrier concentration
and mobility [102]. In addition, the reduction of the yellow–brown GO colloidal
suspension usually results in a black precipitate, which is probably a result of the
hydrophobicity increase [12].

In contrast to pristine graphene, as a result of the heterogeneous electronic and
atomic structures, GO and rGO present intrinsic fluorescence in the near-infrared,
visible and ultraviolet regions [117]. The fluorescence originates from the recombi-
nation of electron−hole pairs, localized within the sp2 domain embedded within a
sp3 matrix. The sp2 domain regulates the local energy gap and consequently the
emitted fluorescence wavelength [105]. Therefore, the maximum emission wave-
length can be modulated by their lateral size and the amount and type of oxygen-
containing groups [105, 117]. For instance, larger sp2 domains (>2 nm) have smaller
gaps, which may account for red-to-NIR emission [105]. Chuang et al evaluated the
influence of the temperature during the thermal reduction on the photoluminescence
properties of GO [103], as illustrated in figure 3.4(d). The PL spectra of GO and
weakly reduced rGO (120 °C@3 h and 150 °C@3 h) showed asymmetric broad
bands, ranging from 400 to 800 nm. On the other hand, strongly reduced rGOs (180
°C@3 h and 180 °C@24 h) mostly exhibited one band centered at around 453 nm.
The original GO consisted of a significant amount of disorder-induced defect states
within the π−π* gap and exhibited a broad PL band centered at longer wavelengths.
After the reduction process, the number of disorder-induced states decreased and an
increased number of small sp2 domains in the rGO resulted in blue luminescence.

GO-based materials also possess nonlinear optical (NLO) properties, which are
highly beneficial for optoelectronic applications [93]. GO presents two NLO regimes
(sp2 and sp3 domains): two-photon absorption dominates the nonlinear absorption
for picosecond pulses in the sp2 domain, while for nanosecond pulses, excited-state
absorption influences the nonlinear response in the sp3 domains. In this way, the
NLO response can be modulated by controlling the degree and location of oxidation
on the GO, as demonstrated by Wang and co-workers [118]. Upon excitation by a
laser delivering 4 ns pulses at 532 nm, rGO with lower sp3 domain size displayed
larger NLO properties than GO and rGO with relatively few sp2 hybrid carbon
configuration ratios.
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3.4.6 Magnetic properties

The magnetic properties of graphene derivatives are of great interest due to their
potential for spintronics [119]. Due to the delocalized π-bonding network, pristine
graphene has no unpaired electrons and, consequently, is a non-magnetic material
[120]. However, over the years, it has been proved that cutting graphene sheets to
create zig-zag edges and introducing structural defects by functionalization or
chemical doping is responsible for the uncommon magnetic properties of gra-
phene-based materials [119, 121]. Therefore, it can be expected that GO in different
oxidation degrees exhibits different magnetic responses. For example, Bagani et al
investigated the magnetic properties of GO upon chemical reduction [122]. Magnetic
hysteresis curves revealed that the paramagnetic contribution of the magnetic
moment was larger in GO compared to rGO. They claimed that the presence of
paramagnetic moments was related to the topological defects and the removal of the
OH-containing groups and, therefore, the topological defects lead to a lower
paramagnetic moment in rGO compared to GO.

3.4.7 Mechanical properties

It is well-known that graphene exhibits fascinating mechanical properties with
Young’s modulus of approximately 1 TPa and intrinsic strength of around 130
GPa, which are promising for varied applications [104, 123]. The graphene
functionalization generally reduces its mechanical robustness due to the insertion
of structural defects [124]. Liu and colleagues, for instance, demonstrated that the
oxidation of graphene has led to a decrease of Young’s modulus [123]. Using first-
principles calculations, they investigated the effects of crystallinity, coverage, and
type of functional groups on the mechanical properties of GO. They found that
mechanical properties of GO decrease with the increase of the amount of hydroxyl
and epoxy groups. Recently, the mechanical properties of GO samples with
different concentrations of epoxide and hydroxyl groups were studied through
molecular dynamics simulation [125]. The obtained results revealed that increasing
the epoxide coverage led to a deterioration in the mechanical properties of GO,
which was associated with the increase of GO structural defects. Furthermore, the
mechanical properties of GO/rGO sheets can be tuned by preparing composite
materials [123]. For instance, Yang et al investigated the mechanical properties of
rGO/poly(2-acrylamido-2-methylpropanesulfonic acid-co-acrylamide) (rGO/poly
(AMPS-co-AAm)) nanocomposite hydrogels. They observed that the hydrogen-
bond interactions between the residual oxygen groups of rGO and the polymer
chains contributed to the enhancement of mechanical properties on both tensile
strength and compressive strength [126].

3.5 Characterization
The differences of properties between GO and rGO can be evaluated using
physicochemical characterization techniques [3, 10], as illustrated in figure 3.5.
The most employed physicochemical characterization techniques for these materials
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Figure 3.5. (a) C1s XPS spectra of (i) GO and (ii) rGO showing the peaks intensity reduction related to the
oxygen-functional groups after chemical reduction. Reproduced from [135], copyright (2013) with permission
from Elsevier. (b) UV–vis spectra of GO and rGO showing the disappearance of the band at approximately
300 nm (n–π* transitions) and the red-shift of the peak in 230–265 nm (π–π* transitions) after chemical
reduction of the GO. Reproduced from [143] with permission from The Royal Society of Chemistry. (c) FTIR
spectra of the progression of the GO chemical reduction in H2O. Reproduced from [139], copyright (2017) with
permission from Elsevier. (d) Raman spectra and ID/IG values of GO (green) and rGO at 150 °C (red), 200 °C
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are XPS, Fourier-transform infrared (FTIR), Raman, and UV–vis spectroscopies,
XRD, zeta potential, among others, while their morphologies are generally inves-
tigated by atomic force microscopy (AFM), transmission electron microscopy
(TEM), and scanning electron microscopy (SEM) [10, 127].

As previously mentioned, the oxygen functionalities present in GO are mainly in
the form of hydroxyl and epoxy groups at the carbon core, while the carboxylic and
carbonyl groups are predominantly distributed at the edges [90, 128]. Thus, larger
sheets of GO tend to have a higher level of sp2 hybridization, and epoxy and
hydroxyl groups, while smaller sheets tend to have higher levels of carbonyl and
carboxylic features. In this regard, XPS technique can be used to estimate the
presence and quantity of these oxygen functionalities. XPS can also be used to
evaluate the oxidation or reduction degree of GO and rGO, respectively. Such
information can be obtained by the sp2/sp3 carbon ratio or the atomic ratio of
carbon to oxygen (C/O) [129–131]. As illustrated in C1s XPS spectra presented in
figure 3.5(a), the peaks related to the oxygenated groups decrease in intensity after
the chemical reduction of GO.

Another way to monitor the GO chemical reduction is through UV–vis spectro-
scopy. The GO spectrum presents a characteristic peak near 230 nm ascribed to the
π–π* transitions related to the C═C of the aromatic rings and a shoulder at ca.
300 nm related to the n–π* transitions of the C═O bonds [127]. As the GO is reduced,
the peak at 230 nm redshifts to a region between 260 and 290 nm, and the band at
300 nm decreases or even disappears, as illustrated in figure 3.5(b) [127, 132, 133].

The presence of oxygen functionalities can also be observed using FTIR
spectroscopy. The typical peak at c.a. 3412 cm−1 is representative of the hydroxyl
groups, the peak related to the C═O carbonyl stretching is located at c.a. 1723 cm−1,
while the peaks of the C–O epoxy groups stretching are located at c.a. 1178 and 1073
cm−1. The peak referring to the chain of alkenes of the aromatic rings stretching is
found at c.a. 1620 cm−1. When the GO is chemically reduced, all these representative
peaks decrease in intensity (figure 3.5(c)), and the peak of the alkenes tends to blue-
shift from 1620 to 1630 cm−1 [134].

The monitoring of the extent of the GO reduction can also be followed by Raman
spectroscopy, in which the G band (E2g symmetry) at ~1580 cm−1 is related to sp2

bonds, while the D band (A1g symmetry) related to sp3 bonds at ~1340 cm−1,
indicates the presence of oxygenated functional groups. In this way, monitoring GO
reduction is usually assessed by the ratio between the intensities of the D and the G

(blue), and 240 °C (black). The decrease in the ID/IG values indicates a higher reduction degree. Reproduced
from [135], copyright (2013) with permission from Elsevier. (e) Typical TGA curves of GO and rGO. The
weight loss between 200 °C and 600 °C for the GO curve is related to the evolution of the oxygen-functional
groups. Reproduced from [144] with permission from The Royal Society of Chemistry. (f) XRD patterns of
GO and rGO showing peak displacement upon GO reduction. Reproduced from [135], copyright (2013) with
permission from Elsevier. (g) AFM images of (i) GO and (ii) rGO. Reproduced from [24], copyright (2018)
with permission from Elsevier. (h) SEM images of (i) GO and (ii) rGO. rGO presents a more wrinkled surface
due to the lack of oxygen functionalities. Reproduced from [24], copyright (2018) with permission from
Elsevier.
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peaks (ID/IG). The higher its value, the more defects (oxygen functionalities) are
present in the graphene sheet. Thus, the reduction of GO leads to a decrease in the
ID/IG ratio, as shown in figure 3.5(d) [127, 128, 135]. However, the difference in
proportions can be subtle. It is also possible to identify the reduction of GO in the
2D band at ~2700 cm−1 [64, 136]. In addition, recent works have reported a broad
peak in the range of 1150–1200 cm−1 (D*) and a small peak located between 1500
and 1550 cm−1 (D″), which exhibit a dependence on the oxygen quantity level [136].

The crystalline degree and the presence of oxygen groups affect the thermal
stability of GO and rGO. Thus, thermogravimetric analysis (TGA) can be used to
evaluate such differences between GO and rGO. Specifically, due to the oxygen
functionalities, the decomposition of GO starts at temperatures lower than that of
rGO [134]. Therefore, the weight loss can also be used to evaluate the degree of
oxidation/reduction of the material. The weight loss at temperatures lower than
100 °C can be attributed to the water adsorbed in the materials. Then, with
temperatures between 100 °C and 360 °C, the unstable oxygen-containing functional
groups in GO start to decompose. In temperatures superior to 360 °C, the weight
loss is attributed to the combustion of the carbon skeleton [137]. In this way, highly
reduced GO only exhibits this final stage in the TGA curves [138]. The TGA curves
of GO and rGO are shown in figure 3.5(e).

XRD analyses have been used to analyze the number and distance between the
layers of GO and rGO. The graphite has a strong and narrow peak at 2θ = 26.6°
with a spacing between layers of about 3.35 Å. The oxidation and exfoliation of
graphite produce GO for which a diffractogram shows a broad peak at 2θ ≈ 10°, due
to the deterioration of the crystalline structure. The spacing between GO sheets is
close to 9.30 Å due to the oxygen functionalities that prevent the compaction of the
sheets. Upon reduction, this peak moves to higher 2θ values (up to 25°), indicating
the removal of these oxygen groups and a consequent decrease in the space between
rGO layers, reaching a value close to those of graphite (figure 3.5(f)). Like the GO
peak, this peak is not perfectly defined due to the lack of order and residual oxygen
groups [24].

As previously discussed, the oxygen functionalities or the lack of them also reflect
in the material’s surface charge and, consequently, in their dispersion. The zeta
potential of GO is −28 mV at pH 2 and reaches the lowest value of −54.3 mV at pH
10.3 [100, 139]. The rGO, on the other hand, has a surface charge of −8 mV at pH 2,
maintaining a value of about −25 mV between pH 4 and 8, and reaching the lowest
value of −35 mV at pH 11 [140].

Regarding morphological characterizations, AFM, SEM, and TEM techniques
are the most employed ones. AFM images (as the one in figure 3.5(g)) allow the
determination of 2D material sizes and evaluation of the presence of single or
multiple layers [141]. A field emission scanning electron microscope (FESEM)
allows one to see the shape and size of the sheets. The rGO sheets have a higher level
of roughness (compared to GO) due to the lack of oxygen functionalities, once these
can hinder the formation of wrinkles, which is the case of GO [134]. High-resolution
transmission electron microscopy (HR-TEM) allows the visualization of the order-
ing and the presence of defects in the 2D sheets of GO and rGO. This ordering
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reflects in the electrical properties, as well as the presence of more intense oxygen
clusters in the GO that gives it an insulating characteristic observed in cyclic
voltammetry [64, 142].

3.6 Applications
Due to the distinct properties of GO and rGO, the level of reduction/oxidation can
be modulated to attain customized performances for a given application. For
instance, for pollutant adsorption applications, the level of oxidation or reduction
will depend on the target pollutant. Pollutants with a strong cationic character
without the presence of aromatic rings will have a greater chance of being adsorbed
on platforms containing GO [145]. Pollutants with aromatic chains, on the other
hand, will have better interaction with rGO through π–π interactions [146]. For
electrochemical sensors, the oxygenation level needs to be modulated because a high
oxygenation level impairs the electronic conductivity. Thus, the restoration of sp2

connections in rGO enables application in sensors [142], photovoltaic cells [147],
supercapacitors [148], among others.

Due to the presence of the oxygen-containing functional groups, the choice to use
GO can be related to applications in which a good dispersibility of the material is
important [99], in applications where the functionalities act as actives sites for target
molecules aiming at adsorption or detection [149, 150], or to combine materials in
nanocomposites fabrication [82, 151], for example. On the other hand, the use of
rGO is generally related to applications in which good electrical or thermal
conductivities are desired [115, 152] or in applications in which the π–π interaction
is fundamental [146]. Applications of graphene-based materials will be further
discussed and illustrated in the next chapters of this book.

3.7 Conclusions and perspectives
In this book chapter, a theoretical background and a brief scientific history involving
GO and rGO have been explored, as well as their most important production
processes, their main characteristics, and the characterization techniques usually
employed to characterize these materials.

The tremendous interest in graphene-based materials has led to many advances
regarding GO and rGO. While pristine graphene still has limitations to be used in
some laboratory applications and to be produced at large scales for commercial use,
the development of methods for the synthesis of GO and rGO has experienced
considerable advances recently. The accessibility of production and excellent
performance of these materials in many areas have led to a significant increase in
research and investigation. For all the above-mentioned reasons, the interest and
applications of GO and rGO must remain very intense for the next years. Progress
related to their physical–chemical and structural characteristics appears to be well
advanced and some specific progress can still be achieved. Regarding their
fabrication, despite the numerous milestones, advances can still be made, and
certainly, in the relatively near future, such materials will tend to gain even more
space in commercial applications, as many companies worldwide have already
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begun working with them. Even with the arrival of a commercially viable
production process for graphene, GO and rGO will certainly enjoy a prominent
place and will be widely used in several areas as their production costs are expected
to drop more rapidly in the coming years.
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Forms of graphene II: graphene quantum dots:
properties, preparation and applications

Elsa Susan Zachariah, I Rejeena and Vinoy Thomas

Graphene quantum dots (GQDs), a form of graphene, have drawn research interest
in various fields due to their interesting physico-chemical properties caused by a
combination of graphene properties, significant quantum confinement and edge
effects. This relatively new class of carbon material exhibits unique and intriguing
properties with novel applications in varied fields such as energy storage, biomedical
and environmental applications. This chapter presents the current technical progress
on the properties, preparation and application of GQDs reported in literature. The
structural, optical and electronic properties of this potent material are described in
detail. Various top-down and bottom-up synthesis techniques and their implemen-
tation in various fields for novel applications are discussed. Finally, a brief outlook
specifying the future prospects for further development in the field is given.

4.1 Introduction
GQDs are zero-dimensional graphene structures having single or few layers of
graphene sheets and lateral dimensions less than 10 nm. This interesting material
exhibits unique and outstanding properties compared to its two-dimensional
counterpart graphene due the quantum confinement and increased surface area-
to-volume ratio effects arising from size reduction. For example, the alterations in
the electron distribution and opening up of bandgap in the material arises as a result
of the reduction of graphene into GQDs, which in turn causes the latter to fluoresce [1].
Moreover, GQDs exhibit certain other important properties such as non-toxicity,
widely tunable photoluminescence (PL), high chemical- and photo-stabilities and
biocompatibility [2]. Most of these characteristic properties render GQDs over-
whelming superiority over conventional quantum dots in several applications like
bioimaging, optical sensing, photovoltaics, and energy storage and conversion.
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4.2 Properties of graphene quantum dots
4.2.1 Structural properties

Most of the reported GQDs are quasi spherical crystals consisting of 1–3 sheets of
graphene layers and lateral dimensions in the range of 2–20 nm. The interplanar
spacing of the quantum dots varies from 0.22 nm to 0.28 nm conforming to the
graphitic (100) plane. The structure of GQDs is highly dependent on the synthesis
procedure and conditions; however, they typically possess a honeycomb lattice
structure with each carbon atom covalently linked to three other carbon atoms
giving rise to a sp2 hybridised network of carbon atoms with lateral dimensions less
than 10 nm resulting in delocalized π orbital electrons [3]. In addition to the sp2

carbon core, GQDs also possess oxygen-containing functional groups the amount
and type of which depend on the synthesis method and experimental conditions.
These functional groups exist either on the surface or on the edges of the GQDs and
are responsible for the solubility and dispersibility of the GQDs in water and other
solvents [4]. Figure 4.1 depicts the general structure, transmission electron micro-
scope (TEM) and atomic force miscroscope (AFM) images of typical GQDs.

Figure 4.1. (a) A depiction of structure of GQDs, reproduced from [5] with permission from the Royal Society
of Chemistry. (b) TEM image, reproduced with permission from [6] John Wiley & Sons, Wiley-VCH,
Weinheim and (c) AFM image of GQD, reproduced from [7] with permission from the Royal Society of
Chemistry.
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4.2.2 Optical properties

The optical absorption of GQDs synthesized through various techniques is con-
sistent in the ultraviolet region along with an extension into the visible region. A
prominent peak in the absorption spectra in the wavelength range of 230 nm to 280
nm is attributed to the π–π* transition of the sp2 carbon core atoms, while another
peak at 270 nm to 390 nm is present for most GQDs mainly contributed by the n–π*
transition of the C═O bond depicted in figure 4.2 [8]. The position of these
absorption bands depends more on the different functional groups and surface
passivation than on the size or shape of GQDs [9].

PL is the most intriguing property of GQDs which is absent in 2D graphene,
rendering it versatile application in various fields. Even though the photolumines-
cent efficiency of GQDs is lower than traditional semiconductor quantum dots, their
better photostability against photobleaching and blinking along with non-toxicity
make them a superior alternative. PL of GQDs is mainly credited to the bandgap
introduction which arises due to the size reduction. However, some interesting PL
behaviors like excitation dependent emission and up-conversion luminescence
properties have made PL mechanism of GQDs a subject of debate in the scientific
community. The general consensus is that the PL of GQDs originates mainly from
two different categories of emission which are intrinsic state emission and defect
state emission. The former is size dependent and is affected by the edge effects and
electron–hole recombination while the latter is the result of the defects introduced
into the carbon core due to functionalization of the dot surface [11]. Transitions
among the bonding and antibonding molecular orbitals of the graphene core and the
amino, hydroxyl or carboxylate functional groups on the surface are a probable
explanation for the PL mechanism in GQDs [12]. The photoluminescent properties

Figure 4.2. UV–visible absorption spectra of GQDs, reproduced from [10] with permission from the Royal
Society of Chemistry.
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of GQDs depend not only on the synthesis procedure but also on the synthesis
conditions like precursor, reaction time, temperature etc. However, almost all the
GQDs fluoresce in the blue–green region of the spectrum. The smaller dielectric
constant and weak spin–orbit coupling of GQDs compared to other inorganic
semiconductor QDs with comparable size leads to stronger interaction among the
carriers and well-defined spin multiplicity which in turn leads to a larger energy band
fluorescing in the blue–green region [13].

The underlying mechanism of fluorescence in GQDs is influenced by a variety of
factors from physical parameters like lateral height, size, zigzag/armchair edge
effects, defects to the chemical composition such as functional groups, oxidative
state among others. Understanding the mechanism behind the PL of this potent
material involves the design of experiments which can finely tune the above
attributes. Many of the earlier reported works showcase the size dependent PL
properties. For instance, Peng et al synthesised GQDs with different size ranges
through chemical exfoliation by varying the reaction parameters. These dots of sizes
in the ranges 1–4 nm, 4–8 nm and 7–11 nm exhibit different optical properties
fluorescing in the blue, green and yellow regions, respectively, demonstrating the fine
tuning of PL and bandgap with particle size [14]. Sarkar et al conducted some
density functional theory studies to reveal the size dependent bandgap and tunable
PL of GQDs synthesised through sonochemical route, which is in accordance with
the quantum confinement effect. Richly photoluminescent GQDs with excitation
independent emission, up-conversion luminescence and delayed fluorescence were
observed. The size dependence was found to be more prominent in functional GQDs
compared to those without functionalization [15].

The contributions of other structural and physical properties of GQDs to PL like
edge state, functional groups, functionalization, defects etc have also been studied by
many groups. Pan et al proposed that the blue luminescence of GQDs originates
from the zigzag sites with a triplet ground state represented by σ1π1, the multiplicity
which is dependent on the difference in energy of the σ and π orbitals. The peaks at
320 nm and 257 nm in PL excitation (PLE) spectra can be assigned to the transitions
from the highest occupied molecular orbitals (HOMO) to the lowest unoccupied
molecular orbital (LUMO) and the bright blue emission can be attributed to the
decay of excited electrons from LUMO to HOMO [16]. Tuning the PL behaviour of
GQDs through surface chemistry was demonstrated by Zhu et al, in which green
emitting GQDs were tuned to fluoresce in the blue region with modification with
methylamine (m-GQD) as well as reduction (rGQD). The modification process
passivates the surface epoxy and carboxylate groups and the resultant groups
suppress the non-radiative recombination of election–hole pairs making intrinsic
state emission (blue) the dominant PL behaviour. Similarly, reduction process
changes all epoxy, carbonyl and amide groups into OH groups, which further
mask the non-radiative recombination leading to dominance in the intrinsic state
blue emission [17]. PL mechanism of GQDs with tunable properties emitting in
yellow, blue and red regions through coating with polyethyleneimine (PEI) of
different molecular weights was studied by Gao et al. The uncoated GQDs emit in
the yellow region, PEI1800 coated GQDs having a single GQD core emit in the blue
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region and PEI600 coated GQDs having multiple GQD in a large PEI cage emit in
the red region. In the case of blue emitting GQDs, formation of amides on the
surface of GQDs through passivation with PEI decreases the conjugation and
increases the bandgap leading to a blue shift, while in the case of red emitting GQD
amidation increases the conjugation area due to the interaction of GQDs with PEI
cage leading to a red shift in emission [18]. The effect of size as well as surface
oxidation degree on the PL properties of GQDs were studied by Qi et al, in which
the red shift of PL emission was observed for increasing size as well as increasing
surface oxidation degree. The PL phenomenon was dominated by the conjugated
structure since GQDs possessed minimum surface defects [19]. Wang et al studied in
detail the contributions of aromatic core, functional groups and defects on the PL
properties of oxygenated GQDs. Particularly, functional groups were found to
execute a double role towards the overall emission contributing to the π*–n and σ*–
n molecular type PL which is not spectrally affected by particle size and excitation
energy. The functional groups also bring about structural distortions in the core
which results in emissions due to transitions from these mid gap states. The PL
mechanism proposed is illustrated in figure 4.3 [20]. Even though numerous studies
have been undertaken for the study of PL mechanism in GQDs, a clarification on
the matter is not yet achieved. It is thus empirical to conduct more experimental and
theoretical studies on the subject to elucidate the full potential of this potent
material.

Figure 4.3. (a) Excitation dependent PL spectra of GQD. (b) PL excitation spectra and photoluminescent
spectra of GQD excited at 257 nm, reproduced with permission from [16] John Wiley & Sons, Wiley-VCH,
Weinheim. (c) PL mechanism of GQDs from aromatic core and functional groups, reproduced from [20] with
permission from the Royal Society of Chemistry.
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4.2.3 Electronic properties

The electronic properties of GQDs are highly dependent on the lateral size, types of
edge and corner geometry of the material. Variation of the electronic structure with
edge lattice symmetry was experimentally shown by Ritter et al, in which metallic
properties of GQDs with predominantly zigzag edges were demonstrated [21].
Continuous tuning of the energy band of the GQDs with variation in size, shape, edge
character and number of layers was reported by Ozfidan et al. In this study, for weak
interactions where the electron–electron interactions are screened by the environment,
the model of Dirac fermions was used to describe the electronic properties, in which
the electron–electron interactions renormalise the Fermi bandgap by self-energy and
vertex corrections [22]. The electronic properties of GQDs with different function-
alities were studied theoretically and determined to be a result of collaboration and
competition between frontier orbital hybridisation of the functional group and GQD
and the charge transfer. It was found that functional groups containing –C=O were
more favourable for tuning energy gap [23]. Electron–electron interaction and
electron–hole interaction are reported to significantly influence electronic structure
due to quantum confinement and screening effects [1]. Even though both the bandgap
and exciton binding energy decreased with the size of GQDs, GQDs with armchair
edges exhibited higher bandgap and exciton energy compared to the ones with zigzag
edges, though they were larger in size. Moreover, the larger spin singlet–triplet splitting
of GQDs compared to higher dimensional carbonaceous materials reduced the non-
radiative transitions from triplet to singlet state leading to higher fluorescence
quantum yield [1]. These properties of GQDs arising from quantum confinement
effects and screening effects due to lower dimensionality provide them with potential
applications for optoelectronic devices.

4.3 Synthesis
The well-established synthetic strategies of GQDs can be categorised into top-down
and bottom-up strategies. The former requires the breaking of bulk carbonaceous
materials such as graphite, carbon black etc into tiny fragments to form GQDs
through physical or chemical processes. The synthesis methods that come under this
category include hydrothermal/solvothermal processes, microwave/ultrasound exfo-
liation, oxidative cutting and electrochemical oxidation. On the other hand, the
bottom-up technique involves nano-sized GQDs built gradually from small pre-
cursor molecules. Carbonisation/pyrolysis and step-wise organic synthesis comes
under this bottom-up strategy. The top-down and bottom synthetic techniques are
depicted in figure 4.4. The following section elaborates the synthesis procedures
followed by various published works, which come under the broad categories of top-
down and bottom-up techniques.

4.3.1 Top-down strategy

4.3.1.1 Hydrothermal process
The hydrothermal method for the synthesis of blue emitting GQDs reduced from
preoxidised graphene sheets was first demonstrated by Pan et al. A suspension of
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purified oxidized graphene sheets was heated in a Teflon-lined autoclave and the
obtained solution was filtered and purified to get strongly fluorescent GQDs.
Hydrothermal deoxidation leads to the breakage of ultrafine pieces of oxidized
graphene sheets surrounded by epoxy chains through the elimination of connecting
oxygen atoms resulting in the formation of GQDs [16]. Shen and coworkers
developed a facile hydrothermal technique for the synthesis of GQDs passivated
with polyethylene glycol. Graphene oxide (GO) treated with nitric acid solution was
neutralised, broken down into tiny fragments by an ultrasonic cell crusher and
filtered to remove large fragments of GO. Polyethylene glycol was mixed with the
prepared GO solution, and heated in a Teflon-lined autoclave. The resulting solution
after cooling was dialysed for a week to obtain PEG surface-functionalized GQDs
with strong blue fluorescence [24]. Amino-functionalised GQDs with bright fluo-
rescence and wide photoluminescent tunability for the same excitation were
synthesised by Tetsuka et al. A modified Hummers method was followed to prepare
oxidised graphene sheets (OGS) from synthetic graphite powder. For extracting
amino-functionalised GQDs, the as-prepared homogenous OGS solution was mixed
with ammonia solution and water and heated in a Teflon-lined autoclave. The
resulting supernatant is filtered out and heated to remove ammonia and further
filtered and dialysed to obtain the amino-functionalised GQD [25]. Hydrothermal
synthesis of GQDs by means of graphene as the precursor material was described by
Far’ain et al. Graphene was diluted with n-butyl acetate and sonicated

Figure 4.4. Top-down and bottom-up synthesis techniques, reproduced from [13], copyright (2016) with
permission from Elsevier.
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hydrothermally heated for various times. The naturally cooled black solution thus
obtained was filtered and dialysed to obtain GQDs [26].

4.3.1.2 Solvothermal process
Solvothermal technique is another extensively used synthesis procedure of GQDs.
Tian et al presented a facile solvothermal synthesis of GQD from expanded graphite
and hydrogen peroxide with dimethyl formamide (DMF) as the solvent. In a typical
reaction, expanded graphite prepared by thermal expansion method was mixed with
DMF through ultrasonication and hydrogen peroxide was added to the solution and
stirred to get a homogenous solution. The solution obtained after heating the
solution in an autoclave was vacuum filtered and solvent evaporated. Pure GQDs
with strong blue fluorescence can be obtained by passing the residue redissolved in
deionized water through filter membrane. This solvothermal process which is facile,
ecofriendly, less time-consuming and does not require tedious dialysis process or
high-cost instruments is illustrated in figure 4.5 [27]. In another report, Zhang et al
prepared GQDs from GO through a solvothermal route. A thoroughly dispersed
GO solution in dimethyl formamide solvent was heated in a Teflon-lined autoclave.
The heated solution was thereafter vacuum filtered and rotated for evaporation to
remove DMF and obtain GQDs, which can then be dissolved in solvents to obtain a
suspension of GQDs [28]. Liu et al presented a facile solvothermal synthesis route
which used graphite as the precursor. Sulfuric acid was gradually added into a
mixture of graphite powder and potassium permanganate followed by the

Figure 4.5. (a) Schematic representation of solvothermal synthesis of GQD from expanded graphite. (b) TEM
image and (c) AFM image with (d) height profile of the prepared GQD with average size of 35 nm with an
average thickness of 1–1.5 nm (3–4 graphene layers), reproduced from [27], copyright (2016) with permission
from Elsevier.
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introduction of nitric acid. The desired product of GQD solution was obtained by
heating an autoclave containing the above solution in an oven. This study revealed
that ratio of potassium permanganate and graphite determined the size of the GQDs
while either GO or GQDs could be obtained by adjusting the temperature [29].

4.3.1.3 Ultrasound exfoliation
Ultrasound waves, which can produce alternating high and low frequency waves in a
medium, have the capability to dissociate graphene into GQDs. An ultrasonic
exfoliation technique for the synthesis of GQDs was presented by Hassan et al.
Ultrasonication of few- layered graphene sheets in ethanol–H2O and the subsequent
filtration and purification of the suspension yielded GQDs with blue emission [30].
Ultrasonication-assisted liquid phase exfoliation for the synthesis of defect-selective
GQDs was presented by Lu et al in which high defect GQDs and low defect GQDs
were attained through the ultrasound exfoliation of acetylene black and nano-
graphite, respectively [31]. In a similar work GQD prepared through the ultrasound
exfoliation of graphite powder in a mixture of ethyl acetoacetate and NaOH was
demonstrated by Sarkar et al. The dark brown mixture after cooling down was
centrifuged to remove unexfoliated graphite and the larger GQDs were removed by
filtration with a syringe filter. Further, dialysis of the solution yielded GQD solution
which was dried using a rotary evaporation system to obtain GQD powder [15].

4.3.1.4 Oxidative cutting
Oxidative cutting or cleavage of large carbonaceous materials by strong oxidative
agents is a commonly used technique to synthesize GQDs. Dong et al synthesized
GQDs from carbon black by refluxing with concentrated nitric acid. The super-
natant obtained after centrifugation was dried yielding single-layered GQD while
the sediment was washed, dried and filtered after pH adjustments to yield multi-
layered GQDs [32]. Zhu et al adopted a simple technique void of byproducts
through the oxidation of GO by hydroxyl radicals obtained by the decomposition of
H2O2 in the presence of tungsten oxide (W18O49) nanowires catalyst in a Teflon-
lined autoclave. Centrifugation was used to remove the catalyst from the obtained
aqueous GQD solution [33]. The synthesis of GQDs from GO through oxidative
cleavage by acid free oxidant, oxone (potassium monopersulfate) through photo and
sono irradiation was shown by Shin et al as illustrated in figure 4.6 [34]. Liu et al
synthesised GQDs from a cheap material source, coal tar pitch through oxidation by
hydrogen peroxide under mild conditions. Coal tar pitch was suspended in hydrogen
peroxide through sonication and refluxed. The solution was cooled down and the
filtrate was vacuum freeze dried to obtain highly fluorescent GQDs [35].

4.3.1.5 Electrochemical oxidation
Electrochemical exfoliation of large carbonaceous materials is a proven technique for
the synthesis of GQDs with uniform size and high yield. Green luminescent GQDs
prepared through an electrochemical method for application in photovoltaics were
reported by Li et al. A cyclic voltammetry scan rate of 0.5 V s−1 was utilized for the
preparation of GQD in which Pt and Ag/AgCl act as the counter and reference
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electrodes while a graphene film acts as the working electrode [36]. Shinde et al
demonstrated the electrochemical preparation of highly luminescent GQDs from
multiwalled carbon nanotubes (MWCNTs). GQDs were cut out of MWCNT through
a two-step electrochemical oxidation process. The breakage of sp2 carbon atoms is
initiated in the initial step by the application of potential of 1 V versus Pt QRE (quasi-
reference electrode) to the working electrode which is coated with MWCNTs in
electrolyte propylene LiClO4. The final step includes the application of potential −1 V
versus QRE upon which variations with respect to time of oxidation due to the
intercalation of Li+/propylene carbonate complexes results in the exfoliation of
MWCNTs into GQDs [37]. A facile method to electrochemically exfoliate three-
dimensional graphene was reported by Anatharamayanan et al, in which 1-butyl
3-methylimidazolium hexafluorophosphate (BMIMPF6) in acetonitrile was used as
the electrolyte, Pt wire as the counter electrode, Ag/AgCl as reference electrode and 3D
graphene as the working electrode. This approach yielded highly crystalline GQDs
with uniform distribution in dimensions [38]. Red fluorescent GQDs, which showed
great potential as labels in cellular imaging, were synthesised by Tan et al through
electrochemical exfoliation of graphite in K2S2O8 solution. The electrolysis of graphite
rods was performed with a current intensity in the range of 80–200 mA cm−2

(potential: 5 V) in 7 ml 0.01 M K2S2O8 aqueous solution to yield pure GQD solution
[39]. Phosphorous-doped GQDs were synthesised by Li et al through an electro-
chemical approach where sodium phytate was used as the electrolyte at the same time
acting as the phosphorous source. Scanning voltage set at 5 V utilizing high-quality
graphite rod and Pt as the working electrode and reference electrode, respectively, led
to phosphorous-doped GQDs with excellent ability to scavenge free radicals [40].

4.3.1.6 Microwave-assisted exfoliation
Microwave-assisted technique is being increasingly used for the synthesis of GQDs
because of their advantages such as homogenous heating and shorter reaction time.

Figure 4.6. Illustration of GQD synthesis from GO through the oxidation using oxone, reproduced from [34]
with permission from the Royal Society of Chemistry.
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For instance, Li et al reported a microwave-assisted synthesis technique for green
luminescent GQDs through the cleaving of GO under acidic conditions. The
cleavage of GO and reduction occurred simultaneously under microwave irradiation
without the need for further reducing agents. However, further reduction with
NaBH4 resulted in bright blue luminescent GQDs [41]. A microwave-assisted
hydrothermal approach adopted by Luo et al for the synthesis of white fluorescent
GQDs from graphite exhibited application in white light emitting diodes.
Microwave treatment of nanographite dispersed in a mixture of nitric acid and
sulphuric acid after filtration and purification yielded yellow–green fluorescent
GQDs. White light emitting GQD was obtained through the further microwave
irradiation of this GQD solution [42]. Zhang et al presented a method for the
synthesis of blue light emitting GQDs, which were used as fluorescent probes for
detecting iron through the pyrolysis of aspartic acid and NH4HCO3 mixture by
microwave irradiation [43]. Oxidation of cheap deoiled asphalt in acidic solution
though microwave irradiation was used by Zhao et al for the yield of high-quality
GQDs. These GQDs exhibited amphipathic properties providing use as surfactants
in asphalt emulsions [44].

4.3.2 Bottom-up strategy

4.3.2.1 Pyrolysis/carbonisation
Carbonisation or pyrolysis of small carbon-based molecules is a simple and
straightforward approach for the synthesis of GQDs, which has been extensively
researched in recent times. For instance, controlled carbonisation of citric acid was
used by Alizadeh et al for the synthesis of GQDs which exhibited exceptional
sensitivity to environmental humidity [45] while the yield of ultra-small monolayer
GQDs by the pyrolysis of trisodium citrate was demonstrated by Hong et al [46].
Fabrication of N-doped GQDs through carbonisation of citric acid and urea was
reported by Gu et al utilizing IR heaters that were capable of transferring energy to a
body through electromagnetic radiation [47]. A simple synthesis of GQDs that
involved pyrolysis of silicon carbide under vacuum while introducing hydrogen
etching gas with no harmful chemicals was demonstrated by Lee et al. Few-layer
GQDs with high crystallinity, low defects and high purity were successfully
fabricated [48].

4.3.2.2 Step-wise organic synthesis
Step-wise organic synthesis is an effective solution chemistry method for the
fabrication of GQDs. For instance, Yan et al utilized 3-iodo 4-bromo aniline as a
precursor for the synthesis of GQDs. In this step-wise synthesis process, oxidative
condensation of the precursor molecules form fused graphene moieties, which
resulted in the formation of GQDs [49]. In another work, Li et al took on a two-
step solution chemistry approach for the synthesis of N-doped GQDs. The first step
involved the formation of GQD precursor through the Suzuki coupling of nitrogen
containing intermediates formed using benzene derivatives while the second step
comprised the formation of GQD through the reaction of the precursor with iron
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(III) chloride in an inert atmosphere. GQDs with excellent activity towards
electrocatalytic oxygen reduction reaction (ORR) were obtained [50].

4.3.2.3 Cage opening
Cage opening of fullerene to produce GQDs has also been adopted. For example,
the breakage of C60 in the presence of ruthenium which led to the formation of
GQDs was reported by Lu et al. The thermal annealing above 650 K completely
dissociated C60 molecule to form GQDs, the shape which depended on the annealing
temperature [51]. In a similar work, Chen et al oxidised C60 to form GQDs through
a modified Hummers method, shown in figure 4.7, which resulted in a good yield of
GO-like QDs, with a diameter from 0.6 to 2.2 nm, thickness of 1.2 nm and
displaying higher water solubility [52].

4.4 Applications
4.4.1 Energy related applications

4.4.1.1 Supercapacitor
The ever-increasing demand for flexible and portable energy storage devices has
given supercapacitors or electrochemical capacitors much attention owing to fast
charge–discharge rate, elevated charge density and extended life cycle. The
possibility of using GQDs as a potential material for supercapacitors was identified
by Liu et al. GQD-based supercapacitors were fabricated and their electrochemical
properties studied, to which end a simple electrodeposition route was followed to
fabricate a GQDs//GQDs symmetric micro- supercapacitor with a higher rate
capability up to 1000 V s−1, good power response and cyclability while a GQDs//
MnO2 asymmetric supercapacitor fabricated using MnO2 nanoneedles and GQD
as the positive and negative electrodes, respectively, showed almost two times
energy density and specific capacitance compared to the symmetric supercapacitor.
Designing of GQD-based material for electrodes in supercapacitors with out-
standing properties was thus given a new light [53]. Edge enriched activated GQDs

Figure 4.7. Rapturing of C60 molecule into GO-like GQDs, reproduced with permission from [52], John Wiley &
Sons, Wiley-VCH, Weinheim.
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were found to possess two times electrocapacitance compared to non-activated
GQDs for application as electrodes in supercapacitors. The presence of more edge
sites that have increased ability to accumulate charges leads to an enhanced
accessibilty of electrolytes through free and bound edges which in turn enhances
the electrocapacitance [30]. The remarkable properties of GQDs as electrodes for
supercapacitor applications were further proved through electrochemical studies of
uniform size GQDs synthesized through strong acid cutting of GO. Superior
electrochemical double layer capacitance (EDLC) properties were exhibited by the
GQDs with a specific capacitance of 307.6 F g−1, greater energy density and
excellent cyclability. The superior supercapacitance of GQDs compared to
graphene is shown in figure 4.8, in which defects and edge effects overcome the
restacking of graphene sheets providing higher conductivity and electrochemical
activity between the electrolyte and electrode materials, thus proving their
potential application as electrode materials in supercapacitor applications [54].

Composites of GQDs combined with other well-defined carbon-based super-
capacitor electrodes are reported to enhance the device performance. For instance,
GQD-deposited three-dimensional graphene (3DG) electrodes exhibit a 90% enhance-
ment in capacitance in comparison to electrodes made from 3DG alone [55]. A
composite of GQDs and carbon cloth were used for the fabrication of a flexible
EDLC electrode wherein the latter acts as a conductive, flexible substrate for the
former active material. A capacitance of 70.7 mF cm−2 at a scan rate of 50 mV s−1 and
77.5 mF cm−2 with a discharge 0.2 mA cm−2 were exhibited by the composite
electrode and the full cell supercapacitor made with the composite material,
respectively, paving its way to be used in flexible electronic devices [56].
The electrochemical performance of activated carbon which is commonly used as
electrodes for supercapacitors was seen to improve on embedding with highly
crystalline GQD. The microporous carbon exhibited a capacitance of 388 F g−1

much higher than that of most reported activated carbon which may be due to the
better charge transfer kinetics and ion migration due to the conductive networks
formed inside activated carbon on being embedded with GQDs [57]. GQDs were also
combined with non-carbon materials aimed at the development of electrodes for

Figure 4.8. (a) CV curves of GQDs and graphene at 50 mV s−1. (b) Supercapacitance of GQDs and graphene,
reproduced with permission [54], copyright (2018) American Chemical Society.
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supercapacitors. For instance, introducing GQDs induced a change in morphology of
CuCo2S4 nanocomposite forming a unique nanostructure with a rough surface. An
enhancement in the electrochemical performance of the GQD/CuCo2S4 nanocompo-
site compared to CuCo2S4 nanosheets may be attributed to the presence of abundant
electroactive sites and shorter charge transfer paths owing to the larger surface area of
the composite [58].

4.4.1.2 Solar cells
Increasing the efficiency of dye-sensitised solar cells (DSSCs) and organic or
polymer solar cells (PSCs) with the introduction of GQDs is a field of intense
research since it is an environment-friendly and cost-effective technique. GQDs are
proven to be efficient materials as anode interlayer (AIL) and cathode interlayer
(CIL) of solar cells to improve efficiency and stability. Tetramethylammonium
(TMA) functionalised GQDs were used as CIL for polymer solar cells with good
device performance. The peripheral methylammonium groups can form interfacial
dipoles with metal cathode, which decreases the metal cathode work function. π-
conjugated graphene structure of the GQD core rendered high conductivity and
excellent film-forming properties. A power conversion efficiency as high as 8.8% was
achieved for the fabricated polymer solar cell with a conventional configuration
using TMA functionalised GQDs as CIL and PTB7-Th: PC71BM as the active layer
[59]. GQDs were also demonstrated as a hole extraction layer for highly efficient
polymer solar cells. The small-sized GQD rich in –COOH groups increases the work
function leading to the formation of ohmic contacts with active layer polymers. This
can increase the hole extraction property and reduce the electron–hole recombina-
tion at the anode, thereby improving the efficiency. A high-power conversion
efficiency of 7.9% was accomplished through the PSC employing PTB7: PC71BM
as the active layer and few-layer GQDs as the hole extraction layer [60]. Another
factor that broadens the application potential of GQDs in photovoltaics is the fact
that their properties can be tuned with proper functionalization. Tuning the work
function of GQD-modified electrodes with alkali metal ions utilized as cathode
interlayer in polymer solar cells was reported. The results indicated that the
incorporation of an alkali metal cation could successfully tune the work function
of the corresponding electrodes. The work functions of GQD with various alkali
metals are shown in figure 4.9(a). The ITO electrodes modified with alkali metal-
incorporated GQDs possess a lower work function, which also decreases with
increasing atomic number of the alkali metal. This proves that these modified GQDs
are suitable materials as CIL for polymer solar cells with efficiency comparable to
those of conventional CIL materials [61]. Work function tuning of GQDs with
quantum size for use in high-performance cathode interlayer materials was demon-
strated by Wang et al. In this work, amino-functionalised GQDs efficiently reduced
the work function of the electrode, which was tuned with the quantum size of the
amino-functional GQD. The density of the amino-functional groups increases with
decreasing size of GQD which results in stronger interfacial dipole moments and
hence decreased work function. CIL electrode with medium-sized GQDs exhibited
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the optimal balance between interfacial modification and conductivity leading to
high power conversion efficiency of 12.81% with J71:ITIC as the active layer.
Current density curves of optimized solar cells with and without amino-functional-
ised GQDs under illumination is shown in figure 4.9(b) [62]. GQDs synthesized
through a facile microwave method was successfully utilized as hole transport layer
in organic solar cells exhibiting an increase in efficiency up to 44% compared to the
pristine solar cells without the incorporation of GQDs. It was found that GQDs
function as an intermediate buffer layer decreasing the potential between active
layers and electrodes in the cells incorporated with GQD in comparison to pristine
solar cells correspondingly increasing the efficiency [63].

4.4.1.3 Fuel cells
The escalating demand of energy, diminishing conventional fuels and pollution
associated with the production of conventional sources of energy has led to
considerable attention in the field of fuel cells. GQDs are attracting much research
interest as an alternative to Pt electrocatalysts in fuel cells due to their unique
properties. A platinum free synergetic electrocatalyst composed of iron phthalocya-
nine functionalised GQD for enhanced oxygen reduction reaction was reported.
Enhanced electrochemical activity was exhibited by these catalysts with a direct
four-electron pathway in alkaline medium. A greater tolerance towards methanol
crossover and carbon monoxide poisoning effect were also exhibited by this
material, which promises the alternative to Pt in electrocatalysts for fuel cells [64].
Colak et al demonstrated a simple synthesis of cost-effective catalyst for working
electrode in direct methanol fuel cells, with polyoxometalate (NaPWO) functional-
ised GQDs, several mono- and bimetallic nanoparticles. The electrochemical
measurement of the prepared composites shows catalytic activity of the composite
based on bimetallic nanoparticles towards methanol as fuel [65]. An efficient
electrocatalyst with high electro-oxidative property and superior carbon monoxide

Figure 4.9. (a) The work function of GQD with varied alkali metal ions [58], reproduced from [61] with
permission from the Royal Society of Chemistry. (b) Current density curves of optimised solar cell with and
without amino-functionalised GQD under illumination, reproduced with permission from [62], John Wiley &
Sons, Wiley-VCH, Weinheim.
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tolerance based on a composite of GQDs and functionalised multiwalled carbon
nanotubes was reported. The composites displayed exceptional electrochemical
activity against methanol attributed to the high effective surface area and synergetic
effects between composite components thus proving their application in direct
methanol fuel cells [66]. In another work, GQD and GO were incorporated into a
hyperbranched macromolecule (HBM) polyamide proton exchange membrane to
enhance the proton/methanol selectivity of the membrane to be used in direct
methanol fuel cells. The functional groups of GQD and GO interact with the –SO3H
groups on HBM through hydrogen bond and participate in the proton conduction.
The permeation of methanol molecules can be effectively prevented by the GQD and
GO. It was observed that due to the smaller size of GQD compared to GO, GQD-
HBM membrane could effectively avoid the large-scale phase separation. The
GQD-HBM membrane exhibits a proton/methanol selectivity almost twice that of
pristine HBM membrane, with good stability, as depicted in figure 4.10 [67].

4.4.1.4 Water splitting for hydrogen production
Finding alternative fuels for sustainable development remains a challenge in the
modern world. Hydrogen fuel has proven to be a renewable and environment-
friendly energy source. Water and sunlight being two of the world’s most abundantly
available resources, use of solar power for the production of H2 to be used as a fuel
from water has been a hot topic of research in recent times. GQDs are generally
combined with TiO2 photocatalysts to enhance their photocatalytic properties for
hydrogen evolution through water splitting. Yu et al synthesized GQD composites
with TiO2 nanotube arrays (TiO2–NTA) and CdS modified TiO2 nanotube arrays
(CdS/TiO2–NTA). The hydrogen generation ability of the GQD-modified catalysts
were found to be elevated, which is ascribed to the enhancement in charge separation
and transfer in the presence of GQD. Moreover, the TiO2–NTA shows better
morphological stability after the internalisation of GQDs [68]. In another work,

Figure 4.10. (a) Methanol permeability and proton/methanol selectivity of pristine HBM, GO-HBM and
GQD-HBM membranes. (b) DMFC performance of pristine HBM and GQD-HBM membranes, reproduced
from [67], copyright (2020) with permission from Elsevier.
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hydrothermal method was followed for coupling GQDs with TiO2 photocatalysts
using 1,3,6-trinitropyrene (TNP) as the precursor for GQDs. TNP molecules
undergo molecular fusion to form GQDs and also decorate onto TiO2 nanoparticles
leading to effective coupling between these molecules. This coupling of GQD and
TiO2 lead to an extension of the optical absorption into the visible region and
enhances the charge carrier separation and transportation. The hydrogen evolution
rate of TiO2/GQDs was almost seven times that of TiO2 alone [69]. The excellent
electron transfer and photosensitizing properties of GQDs for photocatalytic water
splitting for hydrogen generation were demonstrated by Hao et al. In this work, a
GQD/TiO2 system exhibited photocatalytic hydrogen evolution from water under
UV–visible irradiation. In addition to being efficient electron reservoirs, GQDs act
as electron transfer reagents as well as photosensitizing agents to sensitize TiO2

leading to the production of H2 as illustrated in figure 4.11 [70]. In yet another work,
GQDs were coupled with {001} faceted anatase TiO2 for efficient photocatalytic
hydrogen evolution. The internal structure of TiO2 nanosheets were not altered by
the incorporation of GQD. The increased charge separation efficiency in the
composite leads to a higher photocatalytic efficiency for hydrogen evolution by
the composite [71]. Improved solar energy utilization for hydrogen evolution by
coupling GQDs with semiconductor photocatalysts was demonstrated by Xie et al.
In their work S, N co-doped GQD/P-25 TiO2 nanocomposite exhibited better
photocatalytic efficiency for hydrogen production than P-25 TiO2 alone. The
enhancement in the efficiency of composite can be attributed to the broadening of
the visible light absorption of P-25 TiO2 when decorated with GQDs [72]. In a more

Figure 4.11. Photocatalytic H2 evolution mechanism over GQDs/TiO2 under UV–visible light irradiation,
reproduced from [70], copyright (2016) with permission from Elsevier.
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recent work, the effect of varying morphologies of TiO2 in TiO2/GQD nano-
composites on photocatalytic hydrogen evolution was studied. The TiO2/GQD
composite with the bi-phasic P-25 TiO2 was the most efficient for photocatalytic
hydrogen evolution. The higher efficiency of this composite was attributed to the bi-
phasic TiO2 as well the role of GQDs as photosensitiser as well as a co-catalyst [73].

GQDs have also been integrated with well-known electrocatalysts for overall
water splitting. For instance, Lv et al developed a composite which is a high-
performance, inexpensive and earth abundant substitute for the noble metal-based
conventional electrocatalysts for water splitting, by coupling nitrogen-doped GQDs
(NGQD) with Ni3S2 nanosheets on a Ni foam (Ni3S2-NGQD/NF). The electro-
catalytic measurements of the composite show higher negative onset potential and
much higher catalytic current density for the Ni3S2-NGQD/NF composite than for
Ni3S2/NF or NF and display a much higher durability and negligible degradation
[74]. The fabrication of a transition metal GQD, that is Co/GQD composite as an
electrocatalyst for the otherwise sluggish oxygen evolution reaction(OER) in
electrocatalytic water splitting was reported. A higher current density at a given
voltage and lower overpotential was exhibited by these composites compared to the
benchmark electrocatalysts, such as Pt/C and Co nanoparticles in addition to giving
stable responses. This nanocomposite reveals an exciting pathway of transition metal/
GQD-based electrocatalysts for clean energy [75]. A bifunctional electrocatalyst for
water electrolysis was put forward by Li et al in the form of GQD loaded and
molybdenum-doped Ni3S2 nanosheets. Negligible hydrogen evolution reaction (HER)
and OER activity was exhibited by pure molybdenum loaded Ni3S2 sheets with no
GQD loading while the same composite with proper GQD loading shower superior
electrocatalytic activity towards HER and OER with overpotentials of 68 mV at 10
mA cm−2 and 326 mV at 20 mA cm−2, respectively. Moreover, an excellent potential
of 1.58 V towards overall water splitting with good stability was exhibited by the
composite which may be attributed to the modulation of electrical structure and
increase of active site density [76]. A carbon-based composite of boron-doped GQDs
anchored on graphene hydrogels synthesized through a facile hydrothermal technique
was demonstrated. The composite functions as an electrocatalyst towards OER and
HER as well as ORR with the water electrolysis cell using the composite electrode and
displaying a current density of 10 mA cm−2 with a stability of up to 70 h [77].

4.4.2 Biomedical applications

4.4.2.1 Bioimaging
GQDs are emerging as excellent tools in biomedical applications owing to their non-
toxicity, biocompatibility, water solubility, and ease of preparation. The application
of GQD as a safe fluorescent probe for cell imaging was demonstrated by Wang
et al. Electron beam irradiation method was employed to synthesise GQDs to image
MCF7 cells as a model. The cytoplasm of MCF7 cells could be brightly imaged with
GQDs compared to bright field images. The high quantum yield of GQD made cell
imaging possible at concentrations well below the cytotoxic limit of GQD, which
proved that GQD is a safe and efficient fluorescent probe for cell imaging [78].
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Stable and bright blue fluorescent sulfur-doped GQDs (S-GQDs) synthesized
through a hydrothermal approach were demonstrated to be an excellent cell imaging
material by Jin et al, wherein cell viability tests confirmed the low cytotoxicity of the
SGQD. Live HeLa cells were imaged after incubation for sufficient time with SGQD
using laser scanning confocal microscope under 365 nm excitation, as shown in
figure 4.12. The imaging confirmed the penetration of S-GQDs into the cytoplasm
but not to the nuclei, which confirmed that the SGQD will not lead to genetic
disruption and toxicity [79]. An environment-friendly route for the preparation of
GQDs with tunable fluorescence was used for multicolour imaging of fibroblast cells
[80]. The great bioimaging possibility of nitrogen-doped GQDs with low cytotox-
icity and high biocompatibility was demonstrated by incubation with three different
cell lines HeLa, HepG2 and LO2. The cell lines incubated with NGQD exhibited
bright blue fluorescence under an excitation of 405 nm. The fluorescence was mainly
concentrated in the cytoplasm and not in the nuclei, which is an indication that
GQDs entered the cytoplasm without causing any genetic damage. This underlines
the broad application potential of GQD in the field of bioimaging [81].

4.4.2.2 Biosensing
GQD-based biosensors that specifically and sensitively detect target biomolecules
have made a leap in the research field due to the extraordinary characteristics of
GQDs. A GQD-based cholesterol sensor was demonstrated by Sun et al, where
hydrothermally synthesised nitrogen-doped GQDs were combined with chromium
picolinate (CrPic) to detect cholesterol by analysing the fluorescence quenching
through photoinduced energy transfer (PET). CrPic also acted as a potential
cholesterol receptor leading to the formation of a favorable complex with
NGQD/CrPic, which in turn enhanced the fluorescence. This cholesterol sensor
could selectively determine cholesterol with a detection limit of 0.4 μM [82]. A
simple and sensitive approach for detecting glucose through a specific enzymatic
reaction and fluorescence quenching of GQDs was presented in which the enzyme

Figure 4.12. (a) Fluorescent images of HeLa cells incubated with SGQD. (b) Enlarged fluorescent image of
HeLa cells incubated with SGQD, reproduced with permission [79] Copyright 2018 Elsevier B.V.
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glucose oxidase (GOx) oxidized glucose to form hydrogen peroxide through catalysis
by horseradish peroxidase (HRP), which in turn oxidized phenol into quinone
compounds, thereby quenching the fluorescence of GQD. The analysis results
showed that the quenching degree was proportional to concentration of glucose
and hence this system can be effectively used for detecting glucose [83]. Sensing of
circulating tumor cells with the help of GQDs-functionalised with an aptamer
(epithelial cell adhesion molecule (EpCAM) receptor) and a magnetic material
Fe3O4 was presented. MoS2 nanosheets acting as fluorescent quencher and
aptamer@ Fe3O4@GQD complex were assembled together for constructing a
‘turn-on’ biosensing magnetic nanocomposite. The system exhibiting low cytotox-
icity was capable of identifying and labelling circulating tumor cells within 15 min
with a high detection limit up to ten tumor cells in whole blood [84]. In another
work, detecting Escherichia coli bacteria using carboxylated GQDs conjugated with
antibacterial peptide cecropin P1 that attaches the E. coli to the GQD. This
attachment of E. coli bacteria to the GQD affected the fluorescence-related
characteristics of GQDs, such as bandgap width and thus enabled their detection
in real time [85].

4.4.3 Environmental applications

4.4.3.1 Removal of organic dyes from waste water
Large-scale production of synthetic dyes, their high toxicity and slow degradation
rate have led to increased research on ways to degrade such organic pollutants, out
of which photocatalytic degradation of dyes from waste water is receiving much
attention due to its effectiveness and ease of use. GQDs have been used as highly
efficient photocatalytic agents for the degradation of organic dyes. The photo-
catalytic properties of GQDs prepared by pyrolyzing citric acid were demonstrated
by the degradation of new Fuchsin dye, the kinetic rate constants and decolourisa-
tion efficiency of which were found to be independent of the dye concentration [86].
GQDs as efficient and visible-light photocatalysts via energy transfer mechanism
were shown, in which the light energy converted the GQD into singlet oxygen,
thereby degrading Rhodamine B dye [87]. In a more recent work, proven synthesis
methods and different precursors were successfully used for the preparation of three
different types of GQDs. Their photocatalytic performance for the degradation of
Rhodamine B under identical experimental conditions indicated that the composi-
tion of the GQDs affects the photocatalytic activity. The influence of the intrinsic
properties of GQDs like light absorptivity and surface charge on the degradation of
organic dye Rhodamine B highlighted the importance of tailoring such intrinsic
properties for enhancing the photocatalytic activity [88]. The study of the photo-
catalytic activity of polymer modified GQDs such as PEI and PEG for the
photocatalytic degradation reveals that their performance rate decreased in the
order GQD, PEI-GQD and PEG-GQD. This shows that the degradation rate can be
qualitatively manipulated by the use of different polymers [89].

GQDs are also being extensively used along with other established photocatalysts
such as TiO2 for their performance enhancement in the degradation of dyes. For
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example, Qu et al synthesised N and S, N-doped GQDs by the hydrothermal
treatment of citric acid and urea/thiourea for the fabrication of GQD/TiO2 nano-
composite, which exhibited excellent photocatalytic degradation efficiency towards
the visible light induced degradation of Rhodamine B. Co-doped GQD/TiO2

nanocomposite displayed a higher degradation rate than single-doped GQD/TiO2

nanocomposite and TiO2 alone [90]. GQDs deposited on anatase TiO2 nanoparticles
show higher efficiency for the visible light induced degradation of methyl compared
to TiO2 alone [91]. A hybrid structure of GQDs impregnated into TiO2 3D nanotube
array showed enhanced efficiency for the photocatalytic degradation of methylene
blue under UV illumination. The greater surface area of GQDs and narrow bandgap
of TiO2 in hybrid structure allowed greater absorption of light and efficient charge
transfer from GQD to TiO2 leading to enhanced photocatalytic decomposition of
the dye [91]. The bandgap tuning of GQD/TiO2 nanocomposites by controlling the
size of the GQD was reported. The bandgap of the composite increases with
increasing size of GQD extending the absorption of the composite into the visible
region. This along with efficient charge separation in the GQD/TiO2 nanocomposite
leads to the efficient degradation of methylene blue [93]. Different sized GQDs
synthesised using a wet chemical method at different temperatures were coupled
with TiO2 forming stable GQD/TiO2 nanocomposites. The extension of optical
absorption into the visible region decreases the rate of charge recombination leading
to enhancement in photocatalytic efficiency [94]. GQDs and nitrogen-doped GQDs
synthesized by hydrothermal method were combined with TiO2 forming the
corresponding nanocomposite out of which NGQD/TiO2 nanocomposite showed
better photocatalytic efficiency towards the degradation of Rhodamine B under
visible light illumination due to the enhanced visible light absorption and photo-
generated charge carrier separation and transfer [95]. A ternary nanocomposite of
N, S co-doped GQD-rGO-TiO2 nanotube prepared by alkaline hydrothermal
reaction and physical stirring exhibited higher photodegradation efficiency towards
the degradation of methylene blue under visible light illumination compared to those
of rGO–TiO2 and pure TiO2 alone. The extension of photo-absorption region into
the visible range along with enhanced charge carrier separation and transportation
was responsible for the higher photocatalytic activity of GQD-based nanocompo-
sites than TiO2 alone [96].

GQDs are combined with several photocatalysts other than TiO2 for the
successful degradation of pollutants from water. For example, nanocomposites of
zinc porphyrin-functionalised GQDs (GQDs/ZnPor) exhibited enhancement in the
photocatalytic activity towards methylene blue degradation compared to ZnPor
alone which was ascribed to the increased contact area and change in surface of
ZnPor due to the presence of GQDs [97]. Even though the unique photocatalytic
activity of ZnO has already been established, fast carrier recombination and
photocorrosion inhibit the performance of these photocatalysts. Combining electron
acceptor materials and surface modification are ways to overcome these challenges.
For instance, a simple spin coating and annealing procedure was followed by Li et al
for the synthesis of GQD-functionalised ZnO/Cu composites, which exhibited
higher photocatalytic degradation of Rhodamine B under UV irradiation compared
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to ZnO. The combined effects of Cu nanoparticles and GQDs lead to better light
absorption, charge separation and transfer and reduce photocorrosion [98]. Wang
et al fabricated a ternary photocatalyst combining ZnO, Ag and GQDs with
photocatalytic activity superior to pure ZnO or binary photocatalysts as Ag–ZnO
and GQD–ZnO towards visible light-driven degradation of Rhodamine B [99]. In
another work S, N co-doped GQD integrated with leaf templated ZnO (L-ZnO/N,
SGQD) nanocomposites showed elevated photocatalytic activity due to the com-
bined effects of higher effective charge separation in the composites and the
enhanced surface reaction, which result in effective absorption of visible light
[100]. Hydroxyl GQD-modified mesoporous graphitic carbon nitride (OH-GQD/
mpg-C3N4) composites exhibited higher photocatalytic activity than pure g-C3N4

towards the degradation of Rhodamine B and colourless tetracyclin hydrochloride
under visible light irradiation. The intimate contact between GQD on the surface of
mpg-C3N4 was attributed to the enhanced photocatalytic activity [101]. Also, S, N
co-doped GQDs coupled with g-C3N4, forming g-C3N4/S, NGQD composites with
elevated photocatalytic performance towards Rhodamine B degradation under
visible light irradiation compared to pure g-C3N4 alone. The enhancement was
attributed to the efficient separation of photogenerated charge carriers in the
composite [102]. In a more recent work, composites of GQDs-functionalised
Sb2WO6 (GQD/Sb2WO6) nanocomposite were prepared by electrostatic self-assem-
bly and used as photocatalyst for UV and visible light induced methyl orange
degradation. The composite displayed higher degradation efficiency than Sb2WO6

alone and exhibited high recyclability and stability with potential application for
decomposition of other organic contaminants in water [103] (figure 4.13).

4.4.3.2 Reduction of CO2

Carbon dioxide, a greenhouse gas is one of the primary causes of global warming.
Converting CO2 to valuable hydrocarbons or other chemicals through photo-
catalytic reduction using either sunlight or artificial sunlight presents the best
resolution to global warming and energy scarcity problems [104]. Functionalised
GQDs for solar fuel production through photocatalytic CO2 reduction were first
reported by Yadav et al. Visible-light-driven GQD-based system as an integrated
photocatalytic/bio catalytic system was developed for the efficient CO2 reduction to
formic acid. The functionalised GQDs possess advanced light harvesting capabilities
which leads to higher conversion of CO2 to formic acid by the integrated photo-
catalyst/bio catalyst system. The formic acid production exhibits a 1.7-fold enhance-
ment compared to the conventional counterparts [105]. A photocatalyst system
composing of TiO2 nanotube arrays sensitized with electrodeposited GQDs (gra-
phene-2,4,6-trinitrotoluene (G-TNT) films) display enhanced photocatalytic con-
version of CO2 to CH4 compared to TNT alone. Photogenerated electrons react
with CO2 molecules adsorbed on the photocatalysts surface thereby generating CH4.
The efficient charge carrier extraction and transportation is responsible for the
enhanced performance of GQD sensitized TNT [106]. GQDs deposited on the
surface of MIL-101(Fe) displayed higher photocatalytic efficiency towards reduction
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of CO2 compared to pristine MIL-101(Fe) under visible light irradiation. The
content of GQDs in the photocatalyst was also found to have an effect on the
reduction efficiency. The excellent optical properties of GQDs in the visible region as
well as the particular combination of GQD and MIL-101(Fe) which reduce the
recombination of photogenerated electrons and holes lead to enhanced photo-
catalytic activity of the composite [107]. In yet another work, GQDs mounted on a
metal organic framework Zn-Bim-His displayed significant enhancements in photo-
activity and selectivity for the reduction of CO2 which can be attributed to the higher
charge carrier separation efficiency. Moreover, the composite was found to be
photostable for several cycles of the process [108]. These works provide a basis for
design and synthesis of efficient GQD-based photocatalysts for the efficient
conversion of CO2 to fuels in the future.

4.4.3.3 Reduction of toxic elements
Excessive quantities of toxic elements in the atmosphere can be harmful to
environmental well-being and health of human beings and animals. Photocatalytic
oxidation or reduction of such toxic elements into harmless compounds is a way to
detoxify the environment. For instance, Ag@GQD composites exhibited advanced

Figure 4.13. (a) Proposed photocatalytic degradation mechanism of Rhodamine B with GQD.
(b) Photodegradation of Rhodamine B with GQD. (c) Relative Rhodamine B concentrations with and
without GQD under CFL irradiation (L) and darkness (D), reproduced with permission from [88], John Wiley
& Sons, Wiley-VCH, Weinheim.
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photothermal effect due to surface plasmon resonance-excited local heating of Ag
NPs, which leads to enhanced electron transfer in the system and, thereby favours
the selective reduction of 4-nitrophenol [109]. Photocatalytic removal of nitric oxide
was successfully achieved by Xie et al using a tin oxide/GQD composite (SnO2/
GQD) under visible light illumination. The light harvesting and charge separation
advanced without effecting the morphology and structure of the system. The
increase in number of active species greatly enhanced the removal of NO compared
to pure SnO2 [110]. Liu et al successfully revealed the photoinduced charge carrier
dynamics of nitrogen-doped Bi2O2CO3/GQD composite (N-BOC/GQD) with
enhanced photocatalytic performance towards photooxidation of NO. Electrons
generated through irradiation of visible light move to BOC leaving holes in the
valence band of GQD. UV irradiation results in a z scheme recombination of holes
in the valence band of GQD and electron in the defect sites of N-BOC, leading to
oxidation of NO [111] (figure 4.14).

4.5 Conclusions
This chapter presents a systematic review of the recent developments in GQD
research. As evident from the plethora of published works in this field, GQD-based
systems have proven their use in many applications and devices. However, the full
advantage of these materials can be exploited only by filling up the research gaps in
the field. It is imperative for successful and full-scale scientific use of the material
that more experimental and theoretical studies are undertaken to get a clear picture
of the mechanisms and effects of factors such as synthesis conditions and precursors
on the PL property. Upscaling the production of GQDs with high yield and purity
for commercial application through facile strategies is also a challenge. Taking into
consideration the ongoing developments in the field, GQD-based systems with more
functionalities are bound to emerge, which can replace conventional materials in the
field of energy and environment.

Figure 4.14. Schematic representing the reduction of CO2 over G/M101 nanocomposite under visible light
irradiation, reproduced with permission from [107], John Wiley & Sons, Wiley-VCH, Weinheim.
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Forms of graphene III: graphene nano-ribbons:
preparation, assessments, and shock

absorption applications
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In the strategic sector, effects of impulse pressure, in the form of shock waves,
generated by detonation of explosives are of major interest. Interactions of transonic
shock waves have been studied with graphene nano-ribbons (GNRs) having typical
characteristics like Mach number >1.1, and built-in peak pressure >1.5 GPa. GNR
specimens were synthesized by pyrolysis of biomass, carried out at rapid thermal
chemical vapor deposition system. Starting material was chemically manipulated for
purification to obtain GNRs and characterized using optical, electron, force
microscopy, Raman, as well as Brunauer–Emmett–Teller (BET) and Barrett–
Joyner–Halenda (BJH) techniques. Further, high-strain-rate measurements were
carried out on GNR using Kolsky bar technique to collect temporal data of
variations in stress, strain, and strain rates. A large number of involved dynamic
mechanical parameters were extracted using Lagrange–Rankine–Hugoniot model.
In fractographic analysis, statistics on areal flake dimensions, layer density, defect
density, wrinkle, slip characteristics, etc, have been obtained. Incident shock energy
was found to be dampened >60% of absorption loss with >10% transmittance.
Details are presented.

5.1 Introduction and survey: blast and shock
In the defence sector, there is a constant demand for materials capable of enhancing
energy dissipation rather than the conventional way of energy. Shock waves,
typically, emerging from an explosion is the best example. By and large, explosion
is typically an unpredictable phenomenon that encompasses the flow of energy;
carried away by the components of the medium as compression and rarefaction.
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Thus, an explosion is a tremendous acoustic (sound) wave that has been transfigured
into a fragmented and stepper wave front of impulse pressure that has destructive
repercussions on the surrounding medium. Blast can occur either naturally or
synthetically. The synthetic explosions are further divided into two categories:
accidental and intentional. Normally, accidental explosions are unplanned. They
originate due to mishandling of the hazardous substances. There are number of
incidences we read in news or hearsay such as burst of an LPG cooking tank in a
kitchen, detonation of stored propellants, collision of gasoline wagons, ignition of
stored firecrackers, explosion of dispersed hazardous dust, and blast because of loss
of coolant in a nuclear reactor. These are all typical illustrations of explosions
classified under various categories like confined, non-confined space, boiling liquid
expansion vapour (BLEV), condensed phase, atmospheric dispersion, and nuclear
explosion. The natural explosions that we occasionally witness are heavy lightning,
volcanic eruption, impact of asteroid/comet, stellar bang, etc.

Historically, after the incidence of world war, dynamic deformation in materials
was extensively investigated in a number of scientific disciplines and is the focus of
intense research and development [1]. A dynamic process that eventually results in
deformation is the application of time-varying external force to a body [2]. However,
when high-strain-rate (HSR) deformation is imparted as a result of extremely
temporal variations, the medium encounters a mechanical disturbance in the shape
of stress. These deformation waves, which can be generically categorised as elastic,
plastic, and shock waves, move through the material at specific speeds and
amplitudes. Their classification is based on the medium’s characteristics and the
amount of dynamic force [3]. In elastic mode, the propagation of waves depends upon
number of structural aspects of the material medium such as free surfaces (termed as
Rayleigh waves), interfaces (tagged as Stoneley), microstructure (also called flexural),
porosity (or shear), layers (Love), flow direction (longitudinal), etc. However, under
the extreme strain rate conditions, amplitude of elastic wave exceeds the limit of
elasticity of the medium and gets transform into a plastic wave. A plastic wave’s wave
front typically has a relatively narrow pulse width Δλ of less than 1 μm and is
compressed into a steep, spiky structure. The incoming wave has a peak pressure of
greater than 50 GPa with a very strong amplitude. A shock wave of this enormity can
transport through the material without modifying its macroscopic dimensions, and the
material experiences compressive stress similar to hydrostatic compression. Such a
plastic wave is, characteristically, termed as a shock wave [4]. Shock waves are lethal in
nature, and depending on their interaction with materials, they can cause shear
instabilities, dynamic fracture, blast, fragmentation, perforation, and even explosion.
When they come into contact with interfaces and free surfaces, they have the ability to
cause cracks, fractures, spalling, and other impacts. Notably, there are constructive
aspects also to emergent shock waves. The propagation of shock waves through
material has a wide range of significant applications [5].

In shock synthesis, a controlled consolidation of shock deposits intense energy
between 0.1 and 2.0 GeV m−3 resulting phase transformations. Such effects cause
chemical changes in a specific class of materials, such as the conversion of graphite
to diamond. For making tools in high-speed machining shock treatment is used for
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bonding materials [6]. Further, HSR ranging from 0.1 to 3000 s−1 are of utmost
importance by means of impact conditioning in mining, construction industries,
rapid crack propagation studies, seismology, etc. Moreover, in the military sector,
effect of impact for detonation of explosives is frequently encountered. Thus,
investigating dynamic deformation becomes an important issue for shock dampen-
ing application. This necessitates a detailed understanding of both (a) the dynamics
of material reaction and (b) the mechanics of HSR deformation. Even though
explosions are unpredictable events, they can be simulated in a lab setting using a
variety of approaches, including shock wave tubes [7], standoff or contact explosions
[8], and the split Hopkinson pressure bar (SHPB) method [9]. In this, SHPB is a safe,
time- and cost-efficient measuring technique to replicate shock wave conditions that
help us better comprehend explosion-like scenarios off the field [10].

The mechanical characteristics of aluminium alloys subjected to SHPB at low and
high temperatures have received little attention in recent years [9, 10]. In nano-
systems, single, multiple-walled, and polymer-dispersed carbon nanotubes have been
thoroughly investigated using experimental tensile, force–displacement curves,
compressive data from structural mechanics, dynamic deformation, and molecular
dynamic simulations [9, 11–15]. Most of the reports are based on quasi-static
measurements rather than HSR and, mainly, focused onto quantification of
reinforced parameters of the nano-composites [16, 17]. Deformation mechanics in
graphene has received little attention [18, 19].

The scope of the book chapter is to present shock mitigation properties of GNRs).
We mention specifically the interactions of shock waves with GNRs, address the
deformation inmorphology andmicrostructure under dynamic pressure, and examine
the causes of intrinsic disorder and flaws that could lead to microscopic failures like
slip and twinning, among other things. In experiments, after pyrolyzing bio-precursor
by rapid thermal chemical vapor deposition,GNRswere subjected to SHPB to extract
dynamic parameters like stress, strain, and strain rates. To uncover the link between
structure and property, the GNRs were further examined employing optical spectro-
scopy techniques like Raman spectroscopy, Fourier transform infrared (FTIR), UV–
visible spectroscopy andmicrostructure images captured usingfield emission scanning
electron microscopy (FESEM). To extract damage feature information in GNR,
signal processing of transmitted and reflected shock wave signals was performed.
Shock wave/GNR interactions resulted in changes in microstructures that were
essential for shock damping, physicochemical changes, plane gliding, phonon drag
flow hardening and transient phase transformation. Specific details are furnished.

GNR was grown using synthesis protocols from [9, 18], and impulse pressure
SHPB measurements were performed using the procedures described in [9]. GNRs
subjected to SHPB were named as HSR GNRs. Figure 5.1 depicts a shock loading
scheme with incident bar, GNRs, and transmission bar in an SHPB configuration.
Both GNRs and HSR GNRs were compared using a variety of optical and
structural characterization tools like Raman spectroscopy, with specification of
wavelength equal to 532 nm and scan range given by 200–3000 cm−1, confocal
imaging, FESEM at 5 kV beam potential, and dark field transmission electron
microscopy (HRTEM) at 200 kV at various magnifications.
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5.2 Dynamic mechanical analysis
In a quasi-static range, it can be seen that whenever grade of stress surpasses elastic
limit, in dynamic range, plastic deformation gets generated in a GNR [18]. Here the
elastic and plastic wave component proliferates through the ribbon in the form of
impulse [18]. This results in development of hydrostatic stress that exceeds by several
orders of magnitude to dynamic flow stress. However, to a first approximation, our
assumption is GNRs offers no impedance to the built-up shear. This assumption
enables calculating the number of shock parameters attained using Lagrange–
Rankine–Hugoniot (LRH) formulism [20–22]. The stress disturbance progress could
be characterized using an equation:
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E (elastic energy limit). In this, u is velocity of volume strain, ρ0 is GNR

density (~0.02 kg m−3), and E is elastic energy in GPa. The interface conditions are
u =V0t at =x 0i and any t > 0; u = 0 at = ∞xf . The variations for position, x and

time, t is given by
σ
ρ

= ̇x
t 0

. The variations in stress rate, σ ̇, could be elucidated by

analyzing constitutive stress represented by σ—strain given by ε curve. Broadly
speaking, in a dynamic region, the structural strength of a GNR are dependent on
parameters like strain, ε, and the first dispersion derivative of strain, i.e., the strain

rate,
εd

dt
(denoted by ε)̇. Figure 5.2(a) shows constitutive σ–ε curve for HSR GNR

fitted using a bilinear function at the elastic regime i.e. first stage. The fitted power
function is of a type

Figure 5.1. Shock loading scheme displaying impact of an incident pressure bar onto GNR specimen.
Reproduced [18] under the terms of the Creative Common Attribution 4.0 International. Copyright 2020
MDPI.
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σ σ ϵ= + k (5.3)n
0

Here, k is a pre-exponential factor which is estimated to be 0.13 for HSR GNR,
and the work-hardening coefficient to be n ~ 0.17. The incident shock velocity, VS, is
calculated to be ~3.5 × 103 m s−1. It can be observed that the HSR GNR strongly
drifts away from its elastic behavior with huge dispersion in V0, as predicted by the
LRH formulations. The elastic-to- plastic phase transformation characterized by

transient time parameter tc, is given by
σ ε
σ ε

= ∂ ∂ ̇
∂ ∂

t
/
/

c and estimated to be ≈10−5 s−1.

A progressive decline in figure 5.2(b), which represents the plastic regime,
indicates that there has been stress propagation in the GNR matrix as a result of
the strain flow hardening. The process is reported to be multi-stage, noting,
typically, three stages. The σ1̇ is attributed to interparticle plastic deformation that
emerged due to strain impediment offered by GNRs, σ2̇ is assigned to the conjugated
plane gliding in a ribbon stack. This is shown very clear in the subsequent Raman
and microscope analysis. However, the cause of σ3̇ is damage and spall to terminally
rupture the ribbon structure. As shown graphically in the inset of figure 5.2(c), a
discontinuous shear wave front strictly follows an ideal shock wave, which has a
plateau and a steady decay of the hold-up pressure. However, realistic shock waves
imprinted on a material exhibit clearly distinguishable characteristics that rely on the
medium and pressure. Under elastic conditions, when the Hugoniot elastic limit
(HEL) is around 8 GPa, the increase in volumetric stress rate is substantially higher
in the case of HSR GNR. The flow strength in HSR GNR seems to be dependent
upon the pressure employed and observed to be independent (Hugoniot) of change
of pressure. This might have caused a material softening or hardening in GNR. In
figure 5.2(c) elastic and plastic phases are observed to be distinctly separated,
however, elastic fraction within HEL is seen to be propagated with greater velocity
compared to that of plastic wave [18]. Beyond the HEL, a growth in pressure is seen
to be steadily increased till the approach of the top plateau stage (figure 5.2(c)). Such
behaviour results from the continuous nature of the plastic wave, mechanical
characteristics of GNR control the rise in pressure. Due to a sizeable degree of
elastic and plastic wave front separation, it should be noted that the detected phase
variation is not as noticeable in the wave profile [18]. The plateau zone, observed at

Figure 5.2. (a) Zoomed portion of σ versus ε curve (arrow represents the elastic region), (b) accompanying
plastic regime displaying variations in σi̇ , The slope lines indicates the three stages indicating deformation in
HSR GNR, and (c) recorded variations in ε ,̇ with time. Reproduced [18] under the terms of the Creative
Common Attribution 4.0 International. Copyright 2020 MDPI.
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the top, is shock holding state. The pressure-unloading region in HSR GNRs
suggested identical trend in which elastic deformation gives rise to plastic deforma-
tion as seen for shock loading prior to attaining elastic limit. A short tail feature
represents the fracture of GNR structure [18].

5.3 Fractographic analysis
GNRs and HSR GNRs were both inspected and investigated using optical and
electron microscopic technique. Optical microscopic analysis was carried out with a
×100 magnification. Micrographic images are presented in figure 5.3.

In this study, optical imaging was used to attain insight into the nature, form, and
magnitude of GNRs before and after the shock impact. To obtain better imaging,
suspended GNR and HSR GNR solutions were drop-casted onto two separate
silicon wafers and dried. To gather data on ribbons, imaging was done in a number
of locations using a raster scan-line technique.

Figure 5.3. Optical micrographs for (a) GNRs and (b) HSR GNRs. (c and e) FESEM images of GNRs and
(d and f) HRTEM images of HSR GNRs. Reproduced [18] under the terms of the Creative Common
Attribution 4.0 International. Copyright 2020 MDPI.
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Figure 5.3(a) displays typical recorded features of GNR and figure 5.3(b) shows
HSR GNRs. To attain the microstructure features of ribbons the image processing
was carried out with optimum sharpness, contrast and brightness. In GNRs, sharp
edges are seen in the shape of a rectangle. Even smaller size ribbons had comparable
structural characteristics (not provided herein). The ribbons are observed to be thick
and encompassed with several conjugated graphene layers bunched together.
Figure 5.3(b) depicts an HSR GNR dissimilar in its morphology when compared
to a GNR. It appears that size and morphology are altered following the impact,
along with some slight extensions and damage in the conjugated layers.
Figures 5.3(c) and (d) depict the FESEM images of GNR and shock fractured
HSR GNR. SEM micrographs resemble optical imaging with respect to change in
thickness, sharp edges, and loss of rectangular shape for the shock treated ribbon
geometry. HRTEM pictures, specifically for HSR GNRs are recorded in
figures 5.3(e) and (f). It is clear from FESEM that each ribbon’s surface served as
a region of concentrated stress. The somewhat observed warps on the GNR surface
are a sign of stress wave front flow within the GNR. The surplus flow stress has
triggered breakdown and puncture in the graphene ribbon structure. Shock has
affected the local structure by encountering dislocation, slip, and disorder, as
discussed in TEM images. Broadly speaking, the SEM imaging revealed a change
in surface of morphology of the ribbon to a certain extent to correlate the effect of
impact.

In figure 5.3(e), HSR GNRs exhibited step-like features. The arrow in the inset
displays the rise of a microcrack; initiated from the steps. The tip of the crack is
positioned at the intersection of two orthogonal planes cut forming the step. The
crack opening track is seen to be almost straight and narrowed down near the
termination. In figure 5.3(e) such features are prominently seen as a spherical curve
at the end of the crack following a warp-like exfoliation. In figure 5.3(f), inset, the
blurred rings in selected area electron diffraction pattern depict an inferior grade of
crystallinity in GNRs. By and large, the degree of crystallinity seems to be
unchanged, even after the impact.

5.4 Raman spectroscopic studies
Raman spectroscopy plays a key role in quantifying the content of sp2 and sp3

carbon systems. Their proportion in sp2 and sp3 introduces new physical properties
in the nanocarbons. By this technique, number of molecular parameters like
dynamic force constant, kq, crystalline, La, disordered length, LD, areal defect
density, nD, electron–phonon coupling (EPC, Γ), and Fermi velocity, VF can be
extracted [18]. In figure 5.4, Raman spectra is displayed for (a) GNR and (b) HSR
GNR at a wavelength of 532 nm laser excitation. Figures 5.4(c) and (d) depict the
confocal Raman images. For GNR, D and G peaks are prominently visible, at
~1333 and 1593 cm−1, respectively. From these values, kq are estimated, according
to a relationship: ω μ= k /q q , where kq is dynamical force constant, and μ is referred
to as the reduced atomic mass of carbon. For GNR, the values assessed are 460 and
650 N m−1, respectively, @ D (–C–C–) and G (–C=C–) with corresponding bond
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lengths 1.60 and 1.20 Å, respectively. According to post-impact study, the force
constant is lowered to 400 N m−1 at D sites and to 600 N m−1 at G sites when
coupled with bond deformations of 2.85 and 3.50. One can see that, at in-plane i.e.,
D-site, the elongation is less than double, whereas, at G-site it’s nearly three times
[18]. In general, plastic deformation in GNR cannot be described on the basis of
specific theory of deformation, however, greater challenges emerge due to numerous
channels of deformation like dislocation, glide, phase transformations, etc [18].
Raman analysis is capable of quantifying data associated with dislocation dynamics
as a mediator of plastic deformation. Such induced dislocation evolves as a result of
τ with a component of force given by τ=F b; where, b is the offset (Burger) vector
[18]. The dislocation movement is resisted by competitive frictional forces. At sp3

site, such a force movement FD, has a value of 0.3 nN, whereas, for sp2, FG has a
value of 0.67 nN, revealing a 33% hike in-plane when related to the out-of-plane
component [18].

The Raman features recorded are similar to the ones reported in our earlier work
of graphene-like nanoflakes [9]. The value of ID/IG for GNRs is estimated to be 1.55
and after the impact it is reduced by 0.44. The relation between ID/IG and crystalline
length, La is given by:

λ= × −L
I
I

(nm) (2.4 10 ) (5.4)a
10

L
4 D

G

Figure 5.4. Raman spectra of (a) GNR and (b) HSR GNR with inset showing the inset 2D peaks, (c), and (d)
confocal Raman mapping with scan area (40 × 40) μm2. Reproduced [18] under the terms of the Creative
Common Attribution 4.0 International. Copyright 2020 MDPI.
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The wavelength of laser excitation (533 nm) is given by λL. The estimated value of La

is 17 nm for GNR and for HSR GNR a value of 7 nm; ascribed to dropping of sp2

content with growth in sp3 zone upon impact. Moreover, ID/IG is associated with
inter-defect distance, LD, by a modified Tuinstra–Koenig relationship:

λ=I
I

C
L
( )

(5.5)D

G

L

D
2

where λC( ) is the phenomenological parameter with an approximate value of
102 nm2 at wavelength 532 nm. LD, can be expressed in terms of defect density

nD, −(cm )2 =
−

L

10 14

D
2
. For GNR, LD = 15 nm and nD = 10−13 cm−2. In HSR GNR,

these values are 10 nm for LD and 10−12 cm−2 for nD. Notably, the values derived for
La, LD, and nD have a connection with shear strain, γ. Under dynamic pressure, the
chiral dislocation movement in GNR may result in an elastic shear strain γE. The
relation γE = nD × b × LD; which yields to a value >10−9. In the plastic regime, γP is
greater than 10−9 for GNR. The speed with which disorder is moved (ν) is given by
γ ν̇ = × ×n bD , and ν is greater than 10 km s−1.

Furthermore, the linewidth analysis of D peak in nanocarbon system has a close
relationship with electron–phonon-coupling (Γ) coupled with phonons that have
acoustic longitudinal and transverse modes, which entails inter-phonon interaction
augmented by additional elementary excitations. However, one can ignore elemen-
tary anharmonic excitations. For GNR the value is 165 and 205 cm−1. On the other
hand, for HSR GNR with estimated Γ it is 5 and 35 N m−1. Γ has a relationship with
Fermi velocity, VF, as

μ ν
Γ = Γa EPC3

4
(5.6)0

2 2

F
2

where μ represents the reduced mass of carbon molecule, ΓEPC 2 is labelled as
hypothetical Γ-phonon-branching parameter with a value of 47 eV2 Å−2 and a0 has a
value of 3.14 Å. The value of VF for GNR and HSR GNR is, respectively, 10 and
5 × 105 ms−1 [23–25].

Curiously, for HSR GNR, a prominent 2D band is seen over 2000–2750 cm−1

which is in contrast to GNR, indicating longitudinal shear effect. Confocal mapping
is a procedure successfully used for investigating composition [23]. We implemented
a comparable methodology to assess our post-impacted ribbons. For the final image
of a particular zone, the pixels are the Raman spectral features gathered from each
particular spatial coordinate inside the chosen scan region. Raman spectra were
recorded over 1000–1800 cm−1. However, spectral variations in D and G peak over
1200–1600 cm−1 are used to map the modifications in the post-impacted GNR.
Figures 5.4(c) and (d) reveal the topology of sp3 and sp2 fractions. The color contrast
between emerged sp3 and sp2 zone is clearly visible in both the mapped images. The
images were taken scanning areas 50 × 50 μm2. The sp3 zone illustrated in
figure 5.4(c) is observed to be distributed homogeneously within the sp2 network.
In areas where the sp3 disorder is remarkably high it appears to be noticeably a dark
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zone. However, in the planer region, no such distinctiveness is noted, as seen in
figure 5.4(d). We have jotted down two notable observations: first, the sp3 phase has
a significant systematic pattern and, second, the sp3 zone warps within sp2 phase.
Perhaps, imprinting of shock propagated in ribbon consequently strained the sp3

zone (horizontal arrow). Relative strength is represented by vertical (blue) arrows,
and it appears to be stronger near GNR boundary layers.

5.5 Signal processing investigations: pressure impulse interaction
with GNR

Signal processing has added one more dimension to analysis stresses emerging
within GNR. For this purpose, incident, transmitted, and reflected impulse signals
form SHPB were used for signal processing. In SHPB, GNR specimens are placed
between pressure bars and sandwiched between them. A striker bar was launched
toward the incident bar by a gas pistol. When the stress wave strikes on the incident
bar elastic compression arises which propagates through this input bar. Due to
GNR being placed onto the input bar at the interface, part of the impact wave is
reflected and part is transferred through the specimen to the input bar. Thereafter,
the reflected wave rebounds as a tensile wave. With semiconductor strain gauge
sensors linked to the incident bar, voltage drop signals that were used to quantify the
resulting time-dependent stresses could be determined. The same sensor that is
mounted to this bar may be capable of picking up the reflected signals. In a similar
fashion, the output bar gathers the transmitted signal. The signals received are
shown in figure 5.5(a). In order to understand more about the way strain energy
propagates in GNR, the collected signals have been further analysed. For this, signal
processing investigations employing the short-time Fourier transform (STFT)

Figure 5.5. (a) Incident, reflected, and transmitted shock wave signals obtained from strain gauge sensors for
GNR, (b) and (c) strain contours of STFT collected showing dispersion of shock energy for reflected and
transmitted impact. Reproduced [18] under the terms of the Creative Common Attribution 4.0 International.
Copyright 2020 MDPI.
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method were carried out to look into the flow of strain energy in the time and
frequency domain. The reflected and transmitted strain in the GNR are shown in
figures 5.5(b) and (c), respectively.

The STFT functional is represented by the equation,

∑ω ω ω′ = ′ = · ′ −
=∞

=
ω− ′x k X n x k k n([ ], ) ( , ) [ ] [ ]e (5.7)

n

n 0
j k

Here, a time sequence mode of operation was performed. The discreet time locality
is labelled as n, x [k] gives data array variable of time, ω′ is continuous signal
frequency. The STFT was computed employing the succeeding process: (a) a definite
number of signal data points (N) equal to window size were taken out from input
shock signal; (b) window of selected type was employed to multiply the extracted
data, point-by-point; and finally (c) zeros were added on either side of the window
and (d) FFT were computed. Furthermore, the succeeding steps were executed to
calculate STFT with the following settings: sampling interval as 1, both FFT length
and window length as 256, overlap as 128, and rectangle as the type of window. The
window function is given by

ω′ = ⩽ ⩽ − =k k N[ ] 1, if 0 1; 0, otherwise (5.8)

The output results are in the form of complex valued data matrix (P × Q) with the
following conditions:

= + =P
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1, if input signal data real; else; complex (5.9)w
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Here, Fw is the transform width, Ds is the size of the data, Ws is the width of the
window, Os is the overlap function, and f is the floor function. The discrete Fourier
transform is applied to the signal’s segments in order to slide the window over the
full signal and obtain the transform coefficients. The spectral content of the signal
can be attained using ω′X n( , ) 2. Recurrence of the shock waves is represented by
temporal variations of spectrograph illustrations. Blocks clearly show how power is
dispersed or distributed within GNRs. The size of contour indicates quantity of
energy lost, and each colored region symbolizes the energy dissipation.

Impulse pressure can be imaged as a kind of excitation perturbation, in the form
of a δ-function. In the GNR, the impulse pressure employs negligibly small shear
compared to the compressive hydrostatic component and induces disturbance,

moving isentropically, given by an approximate relation:
σ
ε

ρd
d

/ is equivalent to

dP dV/ , (where, ρ is the density of the GNRs, while P and V are the change in the
pressure and volume, respectively). As it spreads over the GNRs, the mechanical
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disturbance that is being subjected to changes with time and gets stronger at its peak,
which causes disorder activation [24]. For dynamic flow strength in nano-ribbons,
inherent defect is a crucial factor. A discrepancy between the GNRs’ material flow
and shock wave front’s speed is observed in terms of shock travel. This causes the
GNR to distort past its elastic limit, which then causes plastic deformation and
eventually fracture (spall region). The separation of conjugated layers would result
from the plastic deformation’s accumulation of residual internal tensions. The
critical stress limit is determined by the ratio of the in-plane to out-of-plane stress as
the slip dislocation begins to move in response to the applied shear stress [26, 27].
The slip ratio is given by

σ
σ

π
σ

σ=
−

× + − ×
π

σ

⊥
−e

4
( 1)

{5.8 log ( 1)} (5.11)
4

( 1)

The out-of-plane and in-plane stress components are given by σ⊥ and σ , respectively.
For GNRs and HSR GNRs, values of σ are 0.07 and 0.1, respectively. The slip ratio

is given by
σ
σ⊥
≈10−4 for GNRs, which is as low as 10−6 after impact. As illustrated

schematically in figure 5.6, a Mach umber of 1.0 for the incident transonic impulse
nearly damps more than 80% of its shock energy within GNR, transmits a negligible
fraction (5%), and the remaining shock energy is vulnerable to spall/fracture
(table 5.1).

Before concluding, it should be noted that in some circumstances, a material’s
capacity to store energy within its structure becomes less significant than its capacity
to release it internally. It is crucial when designing and constructing armour blocks,

Figure 5.6. Schematic representation of effect of impulse pressure on GNR within layer conjugation.
Reproduced [18] under the terms of the Creative Common Attribution 4.0 International. Copyright 2020
MDPI.
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bulletproof armour, bunkers, and many other structures where shock, acceleration,
and jerk need to be precisely and efficiently suppressed.

The studies undertaken here areuseful in gaining a fundamental understanding of
the shock wave interaction with GNR, which offers a crucial hint for creating body
armour out of nanocarbons.

5.6 Conclusions
In conclusion, we have presented shock mitigation properties of GNRs that were
fabricated using pyrolysis process carried out in a rapid thermal chemical vapor
deposition set up. Prepared GNRs were subjected to an 1.5 GPa magnitude impulse
pressure, with a speed greater than 1 Mach and microsecond duration. Such critical
conditions were created using split Hopkinson pressure bar technique. Data for
temporal variations in strain, stress, and strain rate was analyzed. Several dynamic
mechanical factors, including constitutive (ε–σ) conjugate, Peierls–Nabarro stress,
slip movement rate, work-hardening factor elastoplastic, shock dissipation constant
transformation rate were extracted out. Curve σ–ε exhibited parabolic work hard-
ening, that attained a value approximately 0.17. The elastoplastic phase trans-
formation was obtained to a value of 10−5 s−1. In the plastic region, the strain rate
was seen to be varied, typically, in three stages, i.e., corner/edge fracture, separation
of conjugated ribbons and layer exfoliation towards the spall stage. In elastic regime,
the rise in volumetric stress ultimately tends to Hugoniot elastic limit at 8 GPa.
GNRs were observed to depart significantly from the plastic behavior resembled
closely to an ideal Rankian–Hugoniot model. It was observed that the shear waves
had a threefold inline when compared to the out-of-plane impact within ribbons.
Information on slip dynamics was obtained from Raman analysis by analyzing
shear stresses that revealed a compressive force movement, FD of approximate value
0.3 nN for sp3 content and approximate value of 0.9 nN for sp2 content location with
a speed of disorder >10 km s−1. Raman confocal imaging showed significant
redistribution of sp3 content with emergence of geometrically symmetric strain and
an encroachment into the sp2 phases. By and large, incident impulse velocity was
decreased by an amount of 80% showing an effective shock mitigation character

Table 5.1. Estimated dynamic mechanical parameters for GNR from Hugoniot formalism.

Sr No. Parameter (SI Unit) GNR HSR GNR

1 Young’s modulus >60 MPa —

2 Elastoplastic time constant, tc 10−4 s−1 (metal-like) —

3 Hugoniot elastic limit (GPa) — 8 (ceramic-like)
4 Force constant, (–C–C–) (N m−1) 460 400
5 Force constant, (–C=C–) (N m−1) 650 600
6 Bond length (Å) 1.60 2.85
7 Bond deformation (Å) 1.20 3.50
8 Disorder velocity (km s−1) — 13.00
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of GNR. The results clearly depict that the nanoribbon material had a complex
hydrodynamic response that made it ideal for use as a shock absorber in the strategic
field.
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Chapter 6

Forms of graphene IV—functionalized graphene

Neena D, Sesha Manuguri and Badri Narayanan Narasimhan

The functionalization of graphene/graphene oxide (GO) by different strategies has
drawn significant research attention, owing to its ability to influence the interlayer
spacing between graphene/GO sheets. The controlled manipulation of GO interlayer
spacing leads to elevated cyclic stability and capacitance/power conversion efficiency
of energy storage and conversion devices. Furthermore, functionalized graphene has
been used in biomaterials and tissue engineering applications. Here, we present a
brief introduction of functionalized graphene followed by the energy storage/
conversion applications, biomedical applications/drug delivery and a summary of
the chapter.

6.1 Brief introduction of functionalized graphene
Since its discovery in 2004, graphene has been hailed as a wonder material with the
potential to revolutionize the technological world [1]. The unique 2D honeycomb
structure confers graphene with outstanding electrical [2] and thermal conductivity [3],
and with excellent chemical stability. Traditionally, graphene has been synthesized
using mechanical and chemical exfoliation methods [4] or chemical vapor deposition-
based procedures [5–7]. However, such fabrication methods render graphene difficult
to process by solvent-assisted techniques that form the basis for functional device
fabrication. Therefore, it is highly desirable to achieve suitable chemical functionalities
that enable graphene to be utilized for practical applications.

The approach to functionalization is mostly dictated by the specific application
and can be classified into two categories, i.e., covalent, and non-covalent. Covalent
strategies mostly are linked to the chemical procedures that are used to prepare
graphene. For example, pure graphene isolated from graphite that is dispersed in
organic solvents like pyridine, chlorobenzene etc, results in functional groups making
graphene suitable for further chemical functionalization [8, 9]. Furthermore, chemical
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modification of graphene invariably leads to disturbance in its honeycomb structure,
resulting in modulation of its electronic properties [10–12]. On the other hand,
non-covalent functionalization of graphene with organic compounds is performed
by utilizing the π–π interactions [13, 14]. Compared to covalent modification, non-
covalent procedures result in functional groups without disturbing the honeycomb
structure.

In this chapter we focus upon the functionalization strategies specific to usage of
graphene in energy storage and conversion applications. For example, the electronic
properties of graphene are commonly enhanced by nitrogen (N) and boron (B)
doping [15]. The process includes the reduction of graphene using nitrogen rich
sources like ammonia or urea, and boron rich sources like boron hydride-tetrahy-
drofuran [16]. Such a process results in substitution of carbon atoms with N or B
atom, resulting in modulation of conducting properties of graphene [17, 18]

6.2 Energy applications of functionalized graphene
Worldwide energy requirement is intensifying day by day and it is projected that energy
requirement will reach 27.6 TW by 2050 [19–21]. Our conventional source of energy,
fossil fuels, has caused global warming and environmental crisis. Due to the existing
situation, renewable energy systems, namely solar cells, batteries, supercapacitors,
carbon conversion and hydrogen production by water splitting, have become intense
topics of research [22]. Consequently, it is essential to fabricate eco-friendly, cost-
effective and high performing energy storage/conversion devices. Owing to its eco-
friendliness, abundance and stability, carbon has been considered as a potential
candidate for electrochemical devices. Amongst the carbon’s allotropes, graphene has
become the right choice for renewable energy applications because of its outstanding
electrical conductivity, excellent chemical stability, good thermal conductivity, high
specific surface area and easy functionalization [23]. Herein, we emphasize the
discussion on various forms of graphene and its derivatives for energy applications.

6.2.1 Energy storage applications

6.2.1.1 Solar cells (DSSCs, PSCs)
Photovoltaic technology has experienced exponential growth since solar cells could
be fabricated to harvest the solar energy with high power conversion efficiency [24].
One of the main aspects of the rapidly growing photovoltaic technology is the
fabrication of countless materials that fulfil the device demands, together with
abundant accessibility of materials, and cost-efficient fabrication process.
Commonly, these types of devices are categorised into three groups, where silicon
based solar cells are the first type of devices have dominated the solar industry for
many years [25]. The second group of solar cells is based on semiconductors which
are also known as thin-film solar cells [26, 27]. Further, another highly studied form
of solar cells, including dye-sensitized solar cells (DSSCs) [28, 29], polymer solar
cells [30, 31], and perovskite solar cells (PSCs) [32, 33], ise the third generation of
solar cells. Among the third-generation devices, DSSCs and PSCs have gained
considerable attention due to their fast-growing performance.
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The dye-sensitized solar cell (DSSC) has become a promising contender as a
renewable energy source, owing to low-cost, simple fabrication, flexibility, and high-
power conversation rate as compared to silicone-based solar cells [34–36]. A typical
DSSC comprises a counter electrode (CE) (a catalyst), photoanode (a dye-sensitized
semiconducting metal oxide) and an electrolyte (redox couple) [37]. The main
component of the device is the CE, which assembles the electrons from the external
circuit and catalyses the charge reduction arbitrator [38]. Generally, platinum (Pt)
has been employed as the conventional CE because of its good stability, superior
electrocatalytic performance, low resistance of charge transfer and excellent con-
ductivity [39]. However, its scarcity and high cost, hinders the mass production of
dye-sensitized solar cells devices [40]. Thus, it is essential to develop an alternative
for Pt CE of DSSC. Due to their abundance, cost-effectiveness and physiochemical
characteristics, carbon-based materials have emerged as a promising alternative CE
for DSSC. Most recently, graphene-based materials have been utilized as CE and
demonstrated a power conversion efficiency (PCE) comparable with standard CE
(Pt) of the device [21].

In one study, Yu et al [41] fabricated three-dimensional (3D) N-doped porous
reduced graphene oxide (rGO) frameworks (NHGF) and used them as an efficient
CE for dye-sensitized based devices. The synthesis process of a GO sheet to NHGF
paper is presented in figure 6.1. The hierarchical porosity structure was incorporated
to constitute a 3D nitrogen-doped rGO sheet. These hierarchical porosities delivered
more active sites without hindering the electrical conductivity and interconnectivity
between rGO sheets prevented the restacking process. Further, NHGF paper
became strong enough to be a standalone CE for the cell. The NHGF CE-based
cells provided higher efficiency (5.56%) than the pristine Pt based devices. The
enhanced electrocatalytic activity achieved with NHGF suggests the presence of
superior charge transport pathways and a higher density of active sites.

Figure 6.1. Schematic diagram for synthesis process of NHGF and NHGF paper. Reproduced (adapted)
fromn [41], copyright 2016, with permission from Elsevier.
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Similarly, Kannan et al [42] employed nitrogen and sulfur co-doped graphene
(NS-G) as CE for DSSCs. The NG, and SG/NS-G were synthesised by a simple
hydrothermal method using urea and thiourea, respectively. The cell with the NS-G
CE showed a high conversion efficiency (7.42%), which was close to that of the Pt
CE (7.56%) and higher than the bare NG and SG CEs. The improved electro-
catalytic pattern of NS-G was attributed to the synergistic effect potentially aroused
from the electronegativity difference between N and C, together with the distortion
in the shape and structure of the composite initiated by the bulkier atomic size of S.

In another study, Roh et al [43] fabricated rGO on fluorine-doped tin oxide
(FTO) substrates as transparent conducting electrodes in DSSCs. The bonding
between rGO sheet and FTO surface was strong, which minimized the charge
recombination rate at the TiO2–FTO interface, resulting in favourable charge
transfer process and eventually high PCEs of 8.44% in comparison with bare
FTO and TiO2 film.

Another research by Dissanayake et al [44] illustrated a composite consisting of
tin oxide (SnO2), rGO and polyaniline (PANI). They used rGO/SnO2/PANI
composite as an alternative to Pt CE for DSSCs. The newly prepared CEs exhibited
7.92% of PCE under 100 mW per cm2 light illumination. The PCE increased to
8.68% for the present composite by using TiCl4 treated TiO2 photoanode, which
correlates to an impressive 94% of value of 9.22% acquired from TiCl4 treated
photoanode and Pt CE-based DSSCs under the same light irradiation (figure 6.2).
The outcomes from the mentioned composite indicated the beneficial use of this
novel material for the fabrication of low-cost Pt-free CE-based DSSCs. Zheng [45]
also introduced graphene into poly (acrylic acid) (PAA)/PEG, and designed
stable DSSCs with 9.10% of PCE. The graphene-based devices generally conquered
the pristine liquid and polymer electrolyte reference devices. This may be ascribed to
the shorter charge transfer length and the presence of conducting and
stable graphene terminals within the composite polymer and liquid electrolytes.

Also, perovskite solar cells (PSCs) have been considered as a capable applicant
for thin-film photovoltaic technology, owing to solution processibility of materials,
high absorption rate of light and long charge diffusion dimension [46]. Generally,
the architecture of PSCs can be classified as direct/inverted (n–i–p/p–i–n) including
either planar or mesoscopic structure [47, 48]. One can see in figure 6.3, the
perovskite material is sandwiched between the hole transport layer (HTL) and
electron transport layer (ETL). For improving the PSC performance including its
cost-effectiveness, stability and power conversion efficiency, graphene-based mate-
rial has been utilized for either of layers (HTL/ETL) or electrode [49, 50]

In one investigation, Chandrasekhar et al [51] adopted graphene/ZnO (G/ZnO)
nanocomposite as electron transfer layer (ETL) in a PSC device. The optimum
concentration (0.75 wt%) of graphene in G/ZnO nanocomposites films provided the
improved cell performance. The cell conversion efficiency dramatically increased
from 7.01% to 10.34% as compared to the pristine ZnO film. This improvement in
photovoltaic performance may be attributed due to the refinement of surface
morphology and crystallinity of the thin film.
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Furthermore, Mariani et al [52] fabricated a paintable carbon perovskite solar cell
(C-PSC) by depositing a low-temperature-processed graphene-based carbon paste
atop as a CE. The proposed small-area (0.09 cm2) mesoscopic C-PSCs provided
PCE of 15.81% along with an enhanced thermal stability as compared to Au CE-
based reference devices. However, the PCEs rate was dropped to 14.06%, when the

Figure 6.2. Current density–voltage characteristics of DSSCs with (a) pristine rGO CEs sintered at different
temperatures, (b) pristine rGO CEs with different amounts of rGO used, (c) rGO/SnO2 CEs with different
SnO2 amounts, and (d) rGO/SnO2/PANI composite CEs with rGO:PANI wt% ratio. Reproduced (adapted)
from [44], copyright 2021, with permission from Elsevier.

Figure 6.3. Illustration of layered structure of perovskite solar cells (a) n–i–p mesoscopic, (b) n–i–p planer,
(c) p–i–n planer, and (d) p–i–n mesoscopic. Reproduced with permission from [47], copyright 2016, SPIE.
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CE was used for large-area (1 cm2) mesoscopic devices for the same cell. It was also
found that the low-temperature-processed planar n–i–p devices for graphene-based
CE showed 13.85% of PCE for the given cell. Additionally, they reported record
high PCE for C-PSCs with miniwafer-like area (aperture area = 4.00 cm2, substrate
area = 6.76 cm2), confirming the metallization compatibility of the cell.

6.2.1.2 Supercapacitors
Among energy storage devices, supercapacitors have caught the attention of
researchers due to their high-power density, good cycle stability and fast charg-
ing–discharging rate [53]. In past years, they were paired with batteries to acquire
supplementary power which is needed in many fields [54]. Nevertheless, they were
unable to function as separate objects in these fields due to their lesser energy density
compared to batteries. To overcome these issues, researchers are trying to expand
the power and energy density of supercapacitors by designing innovative electrode
materials and electrolytes. Based on their storage mechanism, supercapacitors are
divided into two categories, namely pseudocapacitors and electrochemical double-
layer capacitors (EDLCs). EDLCs are able to perform as power sources, with 5–15
kW kg−1 of the power density range. It is found that pseudocapacitors chemically
accumulate the charge through surface redox reaction, whereas double-layer
capacitors physically gather charges through reversible ion adsorption at the
interface of electrolyte and electrode. The graphene modified electrode materials
have drawn a lot of attention because of their faster surface redox, electrochemically
active sites, and appropriate diffusion pathway [54]. In one approach, Jeong et al [55]
produced nitrogen-doped graphene materials by plasma method and used them in
ultracapacitors. This simple doping process improved the capacitances (∼280 F g−1

electrode) four-fold as compared to the pristine graphene-based material. In addition,
the device also showed compatibility with flexible substrates, excellent life-cycle and
high-power capability. According to characterization techniques, it was seen that the
improved specific capacitance was mainly attributed to the certain nitrogen config-
uration at basal plane and edge, resulting in modification of the graphene structure.
Similar results were reported by Elessawy et al [56]. They presented a green approach
to synthesis of N-doped graphene with 3D porous architecture. They used poly-
ethyleneterephthalate (PET) bottles and urea by using green synthesis through a novel
single-step method. The influence of calcination temerature and urea doses on
construction of N-doped graphene was examined. From impedence spectroscopy
and cyclic votammetry studies, it was revealed that N content, which impacts the
morophology and structure geometry of material enhances the ion diffusion and
charge proliferation. The synthesised samples used as electrode material demonstrated
a notable improvement in specific capacitance (~405 F g−1 at 1 A g−1), power density
(558.5 W kg−1) and energy density of 68.1 W h kg−1.

Furthermore, these materials displayed high charge/discharge duration and
good cyclic stability until 5000 cycles at 4 A g−1 (figure 6.4). Eventually, these
environmentally friendly and cost-effective materials will be considered as pro-
mosing candidates for fabricating engery storage devices. Similar to nitrogen
dopant, boron can be coupled with graphene as it holds close proximity and similar
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size to carbon in the periodic table of chemical elements. Doping can modify the
electronic structure by changing the bandgap of material, resulting in improved
conductivity [57].

Han et al [16] first modified graphene nanoplatelets chemically to achieve high
surface area and then incorporated boron atom on the rGO surface via a solution
process. The as-synthesised nanoplatelets displayed higher cycle stability and specific
capacitance of 200 F g−1 than typical carbon-based supercapacitors. The Fried-Ice
based cost-efficient approach was used to develop the porous B-doped graphene
framework by Zuo et al [58]. When employed as an electrode, the prepared

Figure 6.4. (a) Nyquist curves for all N-doped graphene samples as electrodes in 6 M KOH. (b) Nyquist curve
of 4 N-graphene sample with equivalent circuit. (c) Bode plots for graphene-based supercapacitors devices.
(d) The cycling stability of 4 N-graphene best supercapacitors and sample 6 G, during 5000 charge/discharge
cycles, measured at a current density 4 A g−1 within the potential range from 0 to 1.1 V, with the first 10
charge/discharge cycles for sample 4NG. (e) Photograph and (f) schematic illustration of a stacking three-unit
cell used to power a red LED. Reproduced [56] under the terms of the Creative Commons Attribution 4.0
International, Copyright 2019, Nature.
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framework showed excellent supercapacitor performance including gravimetric
capacitance up to 281 F g−1, owing to high surface area of 662 m2 g−1.
Furthermore, Li et al [59] synthesised boron-doped graphene aerogels (B-GA)
through a simple hydrothermal route. These had fast ion diffusion as compared to
pristine graphene aerogels, owing to some defects and high surface area. The B-GA
had outstanding cycling stability with 308.3 F g−1 at 1 A g−1 of specific capacitance,
which was higher than that of the pure counterparts.

In another study, Zou et al [60] developed boron and nitrogen co-modified holey
graphene aerogels (BN-HGA) by a combined freeze-drying assembly and hydro-
thermal route (figure 6.5). They designed flexible supercapacitors (FCSCs) with
outstanding performances (figures 6.5(a)–(c)). It is initiated in another carbon-based
material that B and/or N can upsurge the charge transfer process, leading to
improved electrochemical activities of carbon-based supercapacitors [61] BN-HGAs
based FCSCs demonstrated an improved energy of 0.038 mWh cm−2, good cycling
stability, power of 22.8 mW cm−2, and high specific capacitance of 456 F g−1 at 1 A
g−1, an outstanding rate performance (80% retention at 20 mA cm−2) as compared
to B-GAs, nitrogen-doped (N-GAs) and bare graphene (GAs) [62]. Additionally, the
flexible supercapacitors exhibit very slight capacity loss as bent to arbitrary angles
and follow the rudimentary arrangement of parallel/series of associations of
capacitors. Figure 6.5(c) shows the ability of FCSCs for wearable electronics by
linking two supercapacitors in series which light up a blue LED. Further, the
microporous architecture of a 3D interconnected network was exhibited by as-
synthesized BN-HGA, as shown in figure 6.5(d). The 3D network was advantageous
for electron and ion transport in bulk electrode. After B and N doping, there is a
possible surface polarization and aerogels devices can provide electrodes with
minimized thickness and desirable sizes.

rGO was alo prepared via thermal treatment of GO platelets suspension at 150 °C–
200 °C (Zhu et al [63]). The rGO exhibited high conductivity of 5230 S m−1. The GO,

Figure 6.5. (a) CVs for two FCSCs in series or in parallel connection. (b) Ragone plot for the FSCs with areal
energy/power densities and comparisons with other literature data. (c) Photograph that demonstrates a blue
LED lit by two FSCs connected in series and twisted on the wrist. (d) Schematic illustration of capacitance
performance of BN-HGA. Reproduced (adapted) from [60], copyright 2020, with permission from Elsevier.
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which was treated at 200 °C, provided a specific capacitance of 122 F g−1 at 5 mA.
Similarly, Wang et al [64] infused 30% of graphene sheets RuO2 surface, which
exhibited a high capacitance performance. The as-synthesised material showed a
specific capacitance of 370 F g−1 at a scan speed rate of 2 mV s−1 and 280 F g−1 at
40 mV s−1 for the voltage range of 0.2–1.0 V in 1 M KOH electrolyte solution. Thus
the functionalized graphene and GO are promising candidates for energy storage
applications and can efficiently boost the performance of the various type of solar cells
and supercapacitors.

6.2.2 Energy conversion applications

6.2.2.1 Hydrogen generation
Hydrogen has become a potential candidate for clean energy [65–68]. It attains a
number of advantages such as environmental friendliness and high energy density,
which is a necessity for new energy. In recent years, several strategies have been
employed to overcome the energy problems. Although it remains a big challenge to
solve the energy crisis, photocatalytic hydrogen evolution technology (i.e. photo-
catalysis process [69–74]), which is also known as water splitting, has become a
potential solution to the energy problems. The elementary requirement for hydrogen
production is that the reduction potential of H+ to H2 must be more positive than
the lowermost of the conduction level, 0 V versus normal hydrogen electrode (NHE)
(equation (6.1)) [75–77]. In particular, the valance band of the system should be
more positive than the oxidation potential of water (equation (6.2)), 1.23 V versus
NHE. The reaction process for water splitting is described here (see equations (6.1)
and (6.2))

2H 2e (electrons) H E redox 0 V (6.1)2
0+ → =+ −

2H O 4h (holes) 4H O E redox 1.23 V (6.2)2
2

2
0+ → + =+

In the water-splitting process, a reaction only can occur if the theoretical bandgap
of compound/semiconductor [78, 79] is more than 1.23 eV. Due to some thermal
losses, the recommended bandgap [80] is higher than 1.7 eV to produce the hydrogen
from water molecules. In a detailed procedure, the photons which contain higher
energy than the bandgap of semiconductor are absorbed by the semiconductor.
Afterwards, the excited electrons in the valance level move to the conduction level,
providing the separation of photogenerated charge carriers [76]. Finally, in the
conduction area, H+ reduces to H2 by a reductive electron. The key role of a co-
catalyst is to reduce activation energy of the reaction and deliver redox reaction site
[81, 82]. As an ideal co-catalyst, functionalized graphene facilitates the migration of
photogenerated electron–hole pairs, resulting in hydrogen evolution.

In one study, Neena et al [83] designed N-doped reduced graphene oxide (N-rGO)
and zinc oxide (ZnO) nanorods, which were prepared via solvothermal route at 180°
centigrade. The prepared nanocomposite exhibited better photocatalytic perform-
ance as compared to the bare ZnO under visible light illumination. The strong
coupling between ZnO and N-rGO increases the interfacial contact of the
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composite, resulting in improved photo-induced electron–hole pair separation and
transfer process. The hydrogen generation rate and durability of nanocomposite was
also found to be much better than that of pristine ZnO (figure 6.6). Additionally,
from outcomes it was concluded that N-rGO was a superior supporting matrix for
incorporating noble metals co-catalysts and semiconductors for improved water
splitting. These findings can provide a considerable technique towards the facile
synthetization of N-rGO nanocomposite along with crucial interfacial interaction
between the moieties of the compound. Similarly, Cao et al [71] graphene was
functionalized by thiourea (TU) and accumulated on the TiO2 surface to design
TiO2/rGO-TU. The composites were prepared through a facile nucleophilic sub-
stitution reaction between the carboxyl (–COOH) and thiol (–SH) of thiourea of
graphene. The TiO2/rGO-TU exhibited the maximum photocatalytic activity rate of
241.83 μmol h−1 g−1, which was 2.33- and 6.60-times fold of TiO2 and TiO2/rGO,
respectively. This photocatalytic performance of TiO2/rGO-TU composite might be
attributed due to the synergistic effect of thiourea and graphene, specifically,
thiourea functions as efficient H+ absorbed active sites and graphene facilitates
the photogenerated charge separation process to encourage the hydrogen evolution
(figure 6.7). This finding offers new insights on designing the potential graphene-
based photocatalysts in a sustainable energy field.

Figure 6.6. Visible-light activity of ZnO, GO, N-rGO, ZnO/rGO and ZnO/N-rGO samples, (a) for 2,4-
dichlorophenol and RhB degradation, (b) stability and recyclability tests of 2,4-dichlorophenol degradation
and (c) of RhB over ZnO/N-rGO, (d) amount of H2 evolved over ZnO, GO, N-rGO, ZnO/rGO and ZnO/N-
rGO. Reproduced (adapted) from [83], copyright 2019, with permission from Elsevier.
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The significance of the interface between semiconductor and functionalized
graphene was highlighted by Mou et al [85]. They synthesised TiO2-coupled N-
doped graphene (NG) composite via solvothermal method. The nitrogen atoms were
supposed to deliver favourable anchor and nucleation sites for TiO2 to attach with
NG sheets, serving as an interfacial contact between TiO2 and NG sheet.
Furthermore, this close contact suppressed the charge recombination rate and
improved the separation and transfer process of electron–hole pairs. Due to the
regaining of the sp2 graphite phase and decrease of defects, NG possesses better
electrical conductivity than rGO, leading to faster movement and separation of
charges than rGO. Consequently, TiO2/NG composites established higher hydrogen
evolution rate (figures 6.8(a) and (b)) in comparison with its counterparts [85].

6.2.2.2 Carbon dioxide reduction
The world is facing a huge problem of pollution from burning of fossil fuels,
resulting in the emission of greenhouse gases such as carbon dioxide. Although it is
comprehensible that burning of fossils is the foremost energy source, we are causing
a hazard to energy security by excessive diminution of them. Renewable energy

Figure 6.7. Schematic illustration for the photocatalytic H2-generation mechanism of TiO2/rGO-TU photo-
catalyst. Reproduced (adapted) from [84], copyright 2021, with permission from Elsevier.

Figure 6.8. (a) Photocatalytic hydrogen production in different samples. (b) Schematic of the photocatalytic
hydrogen production induced by the strong coupling between TiO2 and NG. Reproduced (adapted) with
permission from [85], copyright 2014, American Chemical Society.
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sources have been considered a potential solution to resolve these issues.
Consequently, there is an urgency to develop a capable approach which can utilize
solar energy by transforming it into chemical energy or bonds [86–88]. This mode of
utilization/transformation of solar energy, imitates the process of artificial photo-
synthesis. In artificial photosynthesis, photocatalytic carbon dioxide reduction
(PCCR) is the main area. The photocatalysts are used to reduce carbon dioxide
into renewable chemicals (e.g. methane, methanol, formic acid etc) [89]. The
reduction process is carried out in the presence of some reducing agent such as
hydrogen, water etc, under the irradiation of sunlight. Hence, we can receive a
double benefit from PCCR, including minimization of environmental pollution and
protection of the fossil fuels [90]. To increase the photocatalytic activities for CO2

reduction, introduction of graphene in conventional photocatalysts has been a
widely accepted approach amongst many research groups [90]. Graphene and its
derivates have potential to enhance the surface area, eventually improving the light
absorption on the surface of photocatalysts and reducing the recombination rate of
photo-induced charges, which leads to higher photocatalytic performance [91, 92].

In one study, Wang et al [93] prepared ZnO/graphene nanocomposite through in
situ chemical vapour deposition method. The photocatalytic performance of the
composite was higher than that of pristine ZnO, attributed to fast facilitation of
photogenerated charge carriers. This may be attributed to that of the intimate
interfacial contact between the co-catalysts and semiconductor photocatalysts.
Meanwhile, the presence of Schottky junction between the composites also played
a crucial role in CO2 reduction. Furthermore, π–π conjugation interaction between
graphene and carbon dioxide molecules, in addition to photothermal effect of
graphene, also subsidized to activity improvement. The possible pathway for
photocatalytic performance for CO2 activity is as shown in figure 6.9.

The photocatalytic CO2 reduction (PCR) reaction mechanism of the mentioned
composite is presented in figure 6.10. The free electrons mitigated to graphene from
zinc oxide (figure 6.10(a)). Simultaneously, ZnO established an upward bending of

Figure 6.9. Possible CO2 reduction pathways on the composite surface. Reproduced (adapted) from [93],
copyright 2021, with permission from Elsevier.
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interface band due to the loss of electrons. In the meantime, graphene acted as
electron sink and co-catalyst and received the electrons from zinc oxide.
Subsequently, a constructed Schottky junction at the interface bent the ZnO band
(figure 6.10(b)) [94]. The fermi level of ZnO shifted under the illumination of light,
owing to electron’s movement from valance band (VB) to conduction band (CB).
However, light illumination had no influence on graphene Fermi level.
Subsequently, electrons of ZnO received sufficient force to defeat the barrier and
passage to graphene rapidly. Concurrently, water molecules reacted with photo-
induced holes of ZnO. Additionally, graphene trapped the electrons and suppressed
the recombination rate of charges. These photo-induced electrons on graphene
participated in CO2 reduction and improved the photocatalytic performance [93]

Similarly, the enhancement in the photoreduction performance for CO2 was seen
in a study by Yang et al [95]. They synthesised ZnO–rGO composite via one-step
hydrothermal method and demonstrated five-fold performance for CO2 reduction in
comparison to pristine ZnO photocatalysts. The primary reason for this perform-
ance may be the photoexcited charges which drain to GO sheets and further react
with CO2 and complete the photoreduction reaction under light illumination. It is
worth noting that excessive graphene can reduce the photocatalytic performance
possibly because of the masking created by graphene on the ZnO surface which leads
to high recombination rate of the charges. In another study, Lin et al [96] coupled N-
rGO with TiO2 at different nitrogen compositions through a wet route taking urea as
nitrogen precursor. It was reported that N-rGO/TiO2 exhibited higher carbon
monoxide yield than RGO/TiO2 and pure TiO2 photocatalysts. The optimum
nitrogen concentration was 3.6 wt.% in the composite and it was favourable to
facilitate the charge separation and transfer process, thus proving improved CO2

photoreduction. Furthermore, it was also found that N-rGO/TiO2 was more stable/
active than rGO/TiO2. Wang et al [97] synthesized graphene-based tungsten-trioxide
(WO3) nanobelts composite by facile hydrothermal method. It was found that the
WO3 shifted to visible region with graphene doping. The visible light activation of
composite may be associated with the uplifting of the conduction band which makes
WO3 suitable for CO2/CH4 redox reaction. Besides, the graphene intervened in the

Figure 6.10. Schematic illustration of the PCR mechanism of ZnO/graphene. ɸ: work function; EF: Fermi
level; Evac: vacuum energy; Ec: conduction band; vE : valence band. (a) Before contact, (b) after contact and
(c) under light irradiation. Reproduced (adapted) from [93], copyright 2021, with permission from Elsevier.
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dispersion and size of WO3 nanobelts. Furthermore, Xu et al [98] reported CO2

reduction over graphene-based ternary composites under full spectrum sunlight.
This ternary composite demonstrated almost double CO2 reduction rate over its
counterparts. In this study, GO nanosheets facilitate the charge separation and act
as electron acceptor, eventually offering extra active sites for redox reaction.

Hence, functionalized graphene not only holds the intrinsic characteristics of
graphene but also presents some new collective physicochemical characteristics such
as large specific surface area, high porosity, low density, excellent electrochemical
performance and so on. Due to its unique structures and characteristics, function-
alized graphene is gaining extensive attention from researchers for a wide range of
applications.

6.3 Biomedical applications of functionalized graphene
The biomedical applications of functionalized graphene can be classified into tissue
engineering and drug delivery applications. Tissue engineering is an interdisciplinary
field that applies principles from engineering and life sciences to develop biological
alternatives for restoring, improving or maintaining tissue functions [99]. In recent
years, one of the important goals of the tissue engineering field has been to develop
scaffolds of tunable properties [100, 101].

6.3.1 Cytotoxicity of graphene-based materials

Materials used for cell culture and drug delivery applications should not be toxic to
cells. Unfunctionalized graphene is hydrophobic in nature which causes the lipids of
the cells to interact, leading to high toxicity in cells [102]. GO (functionalized
graphene), on the other hand, has also been shown to be toxic to cells at a
concentration greater than 50 μg ml−1, as reported by Wang et al [103]. However,
the toxicity also depends on the cell lines and dosage. For instance, adenocarcinomic
alveolar epithelial A549 cell line exhibited no obvious toxicity [104] which is in
contrast to Wang et al’s findings [103]. Some of the reasons argued for cytocompat-
ibility of GO are its degree of functionalization, two-dimensional structure and its
uptake by different cell lines [104]. Another reason could be the protein coating of
GO by the proteins present in the cell culture media which may improve the
cytocompatibility. In a study by Mu et al [105], cellular uptake of protein coated GO
nanosheets with small (average disk diameter—0.42 μm) and large sizes (average
disk diameter—0.86 μm) were investigated. It was found that protein coated
graphene nanosheets with smaller sizes are internalized by clathrin-mediated
endocytosis, whereas larger nanosheets are internalized by phagocytosis. Thus, the
update of GO nanosheets by cells is size dependent. Furthermore, the cellular uptake
did not result in toxicity up to concentrations of 100 μg ml−1 which may be a result
of the protein coating. Toxicity to bacterial cells exhibited by some graphene-based
materials is due to the damaging of cell membrane through physical interactions
with graphene materials exhibiting sharp edges [106, 107].

GO-based materials exhibit varying cytotoxic effects to various cell lines depend-
ing on dosage, size, physicochemical properties and preparation methods [108, 109].
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One of the reasons for the toxicity is attributed to the oxidative stress and apoptosis. A
study by Zhang et al [110] tested the cytotoxicity of GO with different levels of
oxidation by treating the graphene with different levels of potassium permanganate
(oxidizing agent). The cell experiments using mouse embryo fibroblasts revealed that
GO toxicity is proportional to the oxidation degree where the toxicity is increased as the
oxidation degree is decreased. The oxidative stresses in the cells were further analyzed
by monitoring the reduced oxygen species (ROS). GO with low oxidation degree
enabled a dramatic increase in ROS levels of the fibroblasts. The authors discuss that
low oxidation degree of GO possesses more unpaired electrons, which exerts indirect
oxidative damage on fibroblasts by production of hydroxyl radicals from H2O2

efficiently inducing higher oxidative stress on cells than GO with high oxidation degree.
One of the most commonly used approaches to improving biocompatibility of

GO is by PEGylation. PEG functionalized GO showed no evidence of toxicity even
at concentrations as high as 500 mg l−1 [111]. GO functionalization using PEG can
be achieved by covalent and non-covalent methods. Non-covalent methods rely on
the electrostatic and hydrogen bonding interactions. However, the covalent mod-
ification of GO with PEG resulted in insoluble precipitates and reduced electrical
properties [112]. Hence, in applications where electrical properties are to be
preserved, non-covalent modification is suggested (figure 6.11)

6.3.2 Scaffolds for tissue engineering

In tissue engineering, two approaches are adopted for restoring/healing of injured
parts or for maintenance of diseased parts. In the first approach, biocompatible
scaffolds are used to induce the growth of body parts which can potentially replace the
diseased parts. For achieving this, stem cells were subjected to the extracellular
environmental cues which result in directing the lineage towards desired cell types
which in turn could be used to grow organs. For instance, a pioneering work by Engler
et al [113] showed that mechanical cues resembling the extracellular matrix of a

Figure 6.11. Mechanism of cellular uptake of protein coated GO (PCGO) nanosheets by cells. 1–4 and a–d
represents the uptake of large and smaller sized PCGO. Reproduced (adapted) with permission from [105],
copyright 2012, American Chemical Society.
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particular cell type can direct the lineage of stem cells towards that particular cell type.
For instance, stiffness of 1 kPa resembling the mechanical cue of brain directs the stem
cell lineage towards neuronal cells.

In the second approach, scaffolds are used to deliver drugs or growth factors
which can help in maintaining or regenerating diseased parts. Graphene-based
materials offer excellent mechanical and electronic properties, which enables the
production of scaffolds with tunable functionalities for cell culture. Some attractive
features of functionalized graphene materials are their easy dispersibility and
processability and specific interactions with various biomolecules that are important
for tissue engineering applications [113].

In this section, an overview of graphene-based scaffolds for neural tissue
engineering and growth factor delivery applications are discussed.

6.3.3 Scaffolds for neural tissue engineering

The nervous system consists of central nervous system (CNS) and peripheral
nervous system (PNS). The CNS consists of the brain and the spinal cord while
the PNS comprises sensory and motor neurons. When compared to the PNS, the
CNS has less regeneration capacity [114]. Spinal cord injury is associated with the
nerve damage resulting in the loss of motor and sensory functions in the CNS.
Depending on the level of damage, the aftermath of the injury can result in serious
conditions such as paralysis. In the United States alone, approximately 1.2 million
patients were affected by spinal cord injury due to accidents with 17 000 new cases
emerging every year [115]. After a spinal cord injury, a cavity forms at the injury site
which will be surrounded by a dense glial scar. A complex inhibitory environment
results comprising reactive astrocytes, glycosaminoglycans and other inhibitory
molecules preventing neurons from reaching the injury site and thus disrupting
regeneration [116]. In terms of scaffold design for spinal cord injury, several
characteristics are required. The scaffolds should result in lesser glial scar formation
enabling the neurons to reach the injury site and should serve as conduits to guide
the neuronal cells to the injury site. Moreover, the scaffolds should support cell
adhesion, biocompatibility, biodegradability, porosity and mechanical strength
[117]. An attractive feature of graphene is its electrical conductivity, which can
support neuronal stimulation that can aid in regeneration of lost functionalities.

Using of stem cells to direct the lineage towards neuronal cells is a common
methodology used in neural tissue engineering. Park et al [118] first explored
graphene as a conductive scaffold and demonstrated that neural stem cells differ-
entiated into neurons. For attachments of cells, non-covalent functionalization of
graphene with laminin was performed prior to cell seeding. Furthermore, electrical
stimulation of cells was possible by using graphene as an electrode which recorded
neural activity for the differentiated cells. In neural stem cell engineering, porosity
and 3D structures are important as they mimic the in vivo environment. In a
pioneering work by Li et al [119], 3D graphene scaffolds were produced using
chemical vapour deposition using nickel foam as a template. The produced 3D
scaffolds were then coated with laminin for cell culture. The 3D structure enabled
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excellent biocompatibility and supported neural stem cells differentiation into
neurons and astrocytes. In addition, electrical stimulation was possible on the
cultured cells. Severe CNS injuries result in damage of neurons and disrupted
neuronal circuits. The majority of the neural stem cells transplanted to injured CNS
sites undergo differentiation to astrocytes [120]. This strong bias towards astrocyte
differentiation is one major problem encountered in regenerative therapy. For CNS
regeneration, differentiation of neural stem cells to oligodendrocytes and neurons is
highly advantageous. A study by Shah et al [121] addressed this problem by growing
neural stem cells on graphene coated electrospun polycaprolactone (PCL) scaffolds.
The surface of the scaffolds was functionalized with laminin for growing cells. The
scaffolds promoted the differentiation of neural stem cells to oligodendrocytes,
which were confirmed by the presence of oligodendrocyte markers. By tuning the
concentration of GO, it was possible to control the differentiation of neural stem
cells to mature oligodendrocytes. Another common technique to fabricate 3D
scaffolds is by electrospinning of polymers. Electrospinning offers several advan-
tages including its simplicity, alignment of fibers, control of fiber diameter, pore size
and large surface area of scaffolds [102]. Blending GO into electrospinning polymer
solution is one way to fabricate 3D nanofibrous scaffolds [122, 123]. However, this
method can weaken the electrical properties and cytotoxicity of the scaffolds
depending on the concentration. While graphene-based scaffolds support neuronal
growth, it is still challenging to control the alignment of differentiated neurons,
which is important for making interconnected neuronal networks. Qing et al [124]
addressed this problem by casting electrospun silk fibroin on rGO paper. The
produced scaffolds enabled neuronal differentiation of neuroblastoma cells and the
cell alignment was found to be proportional to the fiber density and orientation.

Fibrous scaffolds can mimic the native extracellular matrix architecture. Magaz
et al [123] produced micro/nanofibrous scaffolds made of fibers of silk fibroin and
rGO by electrospinning. To elucidate the influence of conductivity, neuronal
NG108-15 cells were cultured on scaffolds produced with GO and rGO. Both the
scaffolds supported neurite growth. However, scaffolds made with rGO exhibited
enhanced metabolic activity and higher cell proliferation when compared to
scaffolds made with GO. While the exact mechanism responsible for varying cell
responses on the scaffolds is difficult to interpret, it is speculated that the enhanced
electrical conductivity of rGO is an important contributing factor. Andre et al [125]
made 3D fibrous porous scaffolds that can support interconnected neuronal circuits
formation. To achieve this, PCL, gelatin and GO nanofibers dispersed in 2,2,2-
trifluoroethanol were blended and electrospun to produce 3D hydrogel-like scaffolds
followed by freeze-drying. The fibrous porous architecture and the presence of GO
synergistically enhanced the formation of neuronal networks.

While graphene-based scaffolds in the form of thin films and porous foams were
used, in vivo cells reside inside extracellular matrix (ECM) consisting of large
amounts of water and various fibrous proteins. To recapitulate the cellular niche,
synthetic mimics are presented in the form of hydrogel scaffolds to cells. Hydrogels
are water swollen cross-linked polymer networks wherein the water content and
mechanical properties can be tunable depending on the cross-linking ratio.
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Incorporation of conductive graphene-based materials can facilitate biological
signal recording and electrical stimulation of living cells in the native cellular
microenvironment. Huang et al produced composite hydrogels from polyurethane
and graphene oxide using 3D printing methodology [126]. The composite hydrogels
supported good cell viability and enabled neural differentiation of the stem cells.
When incorporating GO into hydrogels, one of the main issues encountered is the
solubility of GO. A strategy adopted by Cha et al [127] used methacrylated GO
using 3-(trimethoxysilyl) propyl methacrylate (TMSPMA). The methacrylated GO
was then dispersed into gelatin methacryloyl (GelMA) followed by UV cross-linking
to yield GelMA/GO composite hydrogels. The GelMA/GO composite hydrogels
exhibited good biocompatibility and fibroblasts cultured on the gels showed
excellent cell viability. Interestingly, the covalently conjugated methacrylated GO
in the hydrogels improved the toughness of the hydrogels. Thus, the composite gels
can also be used to tune the mechanical properties in addition to the inherent
electrical properties and has potential in studies that explore cells’ response to
mechanical properties. The solubility issue is more pronounced when using rGO as
the conductive element in hydrogels as rGO is inherently hydrophobic. A study by
Park et al [128] produced poly(acrylamide) (PAAm)/rGO hydrogels by first
producing hydrogel comprising of GO and PAAm by polymerization. In the next
step, the GO trapped inside the gels is reduced in situ by ascorbic acid to yield
PAAm/rGO hydrogels. A recent research work utilized dopamine as a reducing
agent in chitosan hydrogels incorporated with GO [129].

In conductive hydrogels produced from graphene-based materials, there is a
trade-off between conductivity and mechanical properties [130]. For instance,
increasing the conductive component enhances conductivity but also results in
brittleness of the gels. In a recent work, Liu et al [131] developed positively charged
hydrogels made of oligo(poly(ethylene glycol) fumarate) (OPF)–2-(methacryloy-
loxy)ethyltrimethylammonium chloride (MTAC) with two conductive components,
i.e., functionalized GO acrylate and carbon nanotube poly(ethylene glycol) acrylate
(CNTpega). The functionalized GO in the gels was reduced in situ using ascorbic
acid in the second step. The obtained hydrogels exhibited compressive modulus of
about 850 kPa and achieved high electrical conductivity of 5.75 × 10−3 S m−1. The
high conductivity was attributed to the synergistic effect of MTAC, functionalized
rGO and CNTpega. Furthermore, these hydrogels supported good biocompatibility
for PC12 cells and allowed neuronal differentiation of PC12 cells when supple-
mented with nerve growth factor (NGF).

3D printing is a promising strategy adopted in producing hydrogel scaffolds of
desirable shapes for tissue engineering. Producing conductive scaffolds that are
printable can lead to scaffolds of tunable geometries and mechanical properties. A
recent work by Mendes et al [132] produced GelMA/GO composite hydrogels by
mixing GelMA and GO, which resulted in soft conductive hydrogels due to the
physical interactions between the two components. For 3D printing, the GelMA and
GO solutions were mixed and printed using an extrusion-based 3D printer. After
printing, the structures were exposed to UV for cross-linking which resulted in
stable conductive scaffolds (figure 6.12).
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6.4 Graphene-based materials for growth factor proteins delivery
Growth factors are soluble proteins secreted by cells that bind to specific trans-
membrane receptors on target cells [133]. Growth factors regulate various cellular
processes such as proliferation, migration and differentiation [134] and also have
roles to play in diseases such as cancer [135]. Controlled release of growth factors in
combination with engineered scaffolds is an actively pursued approach in stem cell
engineering.

Due to the surface functional groups available on GO, both immobilization
strategies relying on non-covalent interactions such as π–π stacking and covalent
linking of biomolecules or drugs are possible for GO [136]. Yoon et al [137] made
GO sheets that can be loaded with transforming growth factor (TGF-β3) for
chondrogenic differentiation of stem cells. TGF-β is a growth factor protein that
plays an important role in stimulating mesenchymal stem cells’ chondrogenesis and
also in enhancing cartilage ECM production [138]. TGF-β3 and GO strongly
interact and were mediated by the hydrophobic interactions (between hydrophobic
cores of TGF-β3 and GO) and electrostatic interactions. Moreover, the large surface
area of GO facilitates higher loading of TGF-β3. The release profile of TGF-β3
showed negligible release over 7 days and the native structure of TGF-β3 was
preserved as confirmed by circular dichroism experiments. Thus, the interactions
between GO and TGF-β3 were quite stable and can be used to deliver growth factor
proteins. In a recent work by Zhou et al [138], TGF-β3 bound to GO was delivered
to human mesenchymal cells in a 3D hydrogel matrix. With 14 days of cell culture,

Figure 6.12. Various graphene-based scaffolds used in neural tissue engineering. (A) GO coated PCL scaffolds
produced by electrospinning. Reproduced with permission from [121], John Wiley & Sons, copyright (2014)
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) Electrospun silk fibroin deposited on GO paper.
Reproduced (adapted) with permission from [124], Copyright 2018, American Chemical Society.
(C) Production of fibrous porous scaffolds 3D scaffolds. Reproduced (adapted) with permission from [125],
Copyright 2020, American Chemical Society. (D) Production of conductive rGO/GelMA hydrogel conduits by
polymerization and its subsequent mild chemical reduction to rGO/GelMA composite hydrogel [34].
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chondrogenic gene markers SOX9, COL2A1 and ACAN were expressed, and the
differentiation was mediated by Smad2 phosphorylation. While this delivery method
offers control over chondrogenesis by adjusting the amount of GO loaded TGF-β3,
the limit is set up by the toxicity limit of GO to cells. In a Zhou et al [138] study, GO
concentration up to 600 μg ml−1 was nontoxic to mesenchymal stem cells. A
sustained and long-term release of growth factors will be more efficient for the
biological control of cellular processes. Shen et al [139] incorporated GO inside a
poly-D,L-lactic acid/polyethylene glycol (PDLLA) hydrogel and explored its applic-
ability for sustained release of TGF-β3. The release of TGF-β3 from the hydrogels
was measured in Hank’s balanced salt solution for a period of 28 days. The controls
without GO showed a burst release profile while the GO incorporated gels showed
sustained release. In addition, the GO incorporated gels exhibited higher chondro-
genic gene expression and ECM production confirmed by the levels of aggrecan,
Collagen-II and SOX9.

Bone-morphogenetic proteins (BMPs) are a family of bone inducing growth
factors that are used for bone regeneration. High dosage of BMPs is required for
clinical applications. An optimal localized delivery of BMPs is essential for reducing
the dosage. By using GO flakes loaded with BMP-2 in a fibrin hydrogel, La et al
[140] found that the BMP-2 dosage required for inducing bone regeneration was
reduced to half. Fu et al [141] explored the osteogenic differentiation of pre-
osteoblasts by BMP-2 delivery using microcarriers made of GO incorporated poly
(lactide-co-glycolide)/hydroxyapatite (PLGA/HA). Similar to La et al’s [140] find-
ings, the introduction of GO considerably reduced the BMP-2 consumption for
osteoinductive effect. Both the presence of negatively charged COO– groups of GO
that interact with positively charged BMP-2 and the presence of π electrons of GO
were speculated to be the reasons for high binding of BMP-2 on GO. A recent
computational study outlined that GO has the highest affinity for BMP-2 adsorption
when compared to rGO due to its polar nature [142]. For future and rational design
of BMP-2 delivery systems, interactions with different forms of graphene should be
taken into consideration.

In addition to being an efficient loading carrier of proteins, GO also has roles in
stabilizing proteins. Proteins often undergo enzymatic cleavage in biological
environments and has to be protected from damage before delivery to specific
targets. In a study by Emadi et al [143], the protective effects of GO and chitosan
modified GO on bovine serum albumin (BSA) against trypsin were studied. The
mechanism of protective effect of GO and chitosan modified GO was argued to be a
result of steric hindrance of GO and the reducing effect of BSA. The Fourier
transform infrared spectroscopy (FTIR) revealed that loading of BSA on GO
removed the oxygenated groups of GO which resulted in forming rGO aggregates.
The aggregates in turn wrapped around trypsin and formed a barrier between BSA
and trypsin which resulted in the increased digestion time. Furthermore, collagenase
loaded GO and chitosan modified GO showed enzymatic activity similar to that of
free collagenase, thus they can function as an efficient protein carrier.

The strong binding of growth factors to GO can also be coupled with dynamic
triggers to deliver growth factors on demand. For instance, Zhang et al [144] coated
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iron oxide nanoparticles with GO and incubated the nanoparticles with bone-
morphogenetic-protein-2 (BMP-2) growth factor that promotes osteogenesis. The
loaded nanoparticle system was then incorporated into dental pulp stem cells. Such a
system offers manipulation of cells to form sheets by using an external magnetic
field. The authors further extended this concept to construct the complex osteochon-
dral interface (cartilage to bone interface) which is quite challenging to accomplish
using scaffold-based methodologies.

Electric field can also be used as a trigger for releasing growth factors by utilizing
the conductivity of GO. In severe peripheral nerve injuries, nerve growth factors
(NGFs) aid in the recovery but the effective administration of NGFs remains a
challenge. A composite made of bombyx mori silk worm fibroin and rGO was
recently explored for its potential as an NGF-β delivery system in response to
electrical stimulation [145]. NGF-β is loaded electrostatically on to the rGO by
applying a positive potential of 0.6 V for 30 min. The release profile was monitored
by using an enzyme linked immunosorbent assay (ELISA). The application of
reducing potential triggered the release of NGF-β and the amount released was
higher (5–8 times) when compared to the passive release from the films at each time
point. The growth factor release profile in the films can be further tuned by the
frequency and duration of stimulation. This electrical stimulation of GO-based
systems can be adopted to other scenarios such as wound healing, and stem cell
engineering.

One interesting characteristic of graphene-based materials is their high absorption
in the near infrared (NIR) region which can be used in photothermal therapy
(generating heat from NIR radiation) for killing cancer cells [146, 147]. Thus, NIR
can also be used as an external trigger for creating local changes in temperature
which in turn can be used for releasing growth factors. Zhao et al [148] designed a
composite microcarrier delivery system composed of GO, GelMA and poly(N-
isopropyl acrylamide) (PNIPAM). PNIPAM is a thermoresponsive polymer that
undergoes a volume phase transition at a lower critical solution temperature (LCST)
of around 32 °C. This means beyond LCST, the hydrophobicity of PNIPAM
increases and result in volume shrinkage [149] and can be used for releasing growth
factors. GelMA in the composite acts a biocompatible coating and GO acts as the
localized heat generator in response to NIR radiation. As a proof of concept, the
composite microcarrier loaded with vascular endothelial growth factor (VEGF)
which promotes migration and proliferation of endothelial cells to form blood
vessels was implanted in a rat animal model. After 4 weeks of implantation, the NIR
irradiated rats exhibited enhanced blood vessels formation. Thus, NIR irradiation
can also be used as a trigger for release of growth factors in graphene-based
materials.

6.5 Conclusions
In summary, the functional properties of graphene are largely influenced by the
presence of the functional groups. In particular, in the case of usage of graphene for
electronic applications the doping procedures play a crucial role. Therefore, the
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fabrication procedures for doping and understanding of the conductance mecha-
nisms will result in development of high performing energy storage/conversion
devices.

The usage of graphene towards biomedical applications is extremely sensitive to
the functionalization features of graphene. A primary and important requisite is
rendering graphene safe for such applications. Graphene-based materials with their
excellent mechanical and electronic properties can revolutionize the field of tissue
engineering. Particularly, the combination of graphene with polymers can lead to
electrically responsive materials that can tune cell responses.
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Chapter 7

Applications of graphene in electronics:
graphene field effect transistors

L Chandrasekar and K P Pradhan

Undoped pristine graphene with zero bandgap and B/N-substitution doped gra-
phene with non-zero bandgap are explored in this chapter. The predominant
prerequisites in designing of graphene field effect transistors (GFETs) have been
precisely modeled, such as: (1) the electrostatics as energy–momentum dispersion
relation, density of states, individual 2D carrier statistics, total carrier sheet charge
density, quantum capacitance for undoped pristine graphene, B- and N-substitution
doped graphene have been examined extensively; (2) the electronic transport
properties like interaction parameter and semi-classical drift-diffusive transport
mobility have been modeled and examined for undoped pristine graphene, B- and
N-substitution doped graphene. With the aid of the above-mentioned prerequisites,
the phenomenological all region ID for GFETs has been modeled by utilizing the
metal insulator–graphene (MIG) equivalent circuit and solving self-consistently
through first order Newton–Raphson method. Also, the theoretical mobility model
and drift-diffusive ID model have been validated with experimentally measured data
and proven accuracy. In addition to that, the Verilog-A implementation of GFETs
has been studied. Utilizing the Verilog-A symbol of GFET in Cadence Spectre
circuit simulator, the memoryless linearity and nonlinearity performance of both
undoped and B-doped GFET have been analyzed and the improved reliability in
B-substitution doped GFET over undoped GFET is reported.

7.1 Introduction
The triumphant isolation of graphene—single carbon atom thick layer—from
graphite in 2004, energized the research to explore the influence of other two-
dimensional (2D) materials on nanoelectronics. The particular electronic and
exceptional transport properties of absolutely 2D single-layer graphene [1] have
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stimulated research interest over the past decade in exploring GFETs and revealed
them to be a novel channel material to replace traditional semiconductors. Recently,
numerous research works [2–4] have been extensively explored on GFETs with
various architectures, like top-gated, bottom-gated, and double-gated, and the
suitability of different substrates has been investigated. These reports are largely
focused on both analog/RF and digital applications of GFETs, which emphasize
exploring the physical insights in device modeling and linearity performance
extraction of GFETs. Hence, the carrier statistics, electronic transport properties,
ID modeling, and memoryless linearity and nonlinearity performance have been
presumably manifested in the following sections.

7.2 The carrier statistics and quantum capacitance
When developing the electrostatics for low-dimensional devices, the key quantities
of concern are the carrier sheet density and quantum capacitance [5]. The individual
2D carrier sheet concentration, total sheet charge density, and quantum capacitance
of single-layer graphene are explored analytically in [5, 6] and observed experimen-
tally in [7, 8]. Recently, quantum capacitance of GFETs has been explored
theoretically in gas sensor application [9]. A compact modeling of GFET is
established with the aid of a mathematical model of quantum capacitance explored
in [6, 10, 11], which emphasizes the significance of quantum capacitance in designing
and modeling of nanoscale devices.

7.2.1 The electrostatics: undoped pristine graphene

The two-dimensional nature of graphene and its two inter-leaving triangular
sublattice structure make the band structure of pristine graphene distinct from
conventional semiconductors. The linear energy–momentum (E–k) relation with
zero bandgap (at the point of zero momentum) is one of the exceptional features of
pristine graphene [1, 5, 12–14], which is shown in figure 7.1(a). The dispersion

Figure 7.1. E–k dispersion relation of (a) undoped pristine graphene and (b) B- or N-doped graphene—
illustrating about Dirac point and Eg. Reproduced with permission [16]. Copyright 2021, IEEE Trans. Electron
Devices.
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relation for single-layer undoped graphene has been abundantly surveyed in the
literature [5, 6, 12, 13, 15] and is presented in equation (7.1) as follows:

E E s k (7.1)D f− = ℏv

where E indicates the energy, ED represents the Dirac point, ℏ denotes the reduced
Planck’s constant, for the energy in conduction band s = 1 and for the energy in
valence band s = −1, fv denotes the Fermi velocity of 108 cm s−1, additionally k∣ ∣
indicates the wave vector computed around the Brillouin zone, which is expressed as
[5], k∣ ∣ = k k( )x y

2 2 1/2+ . For the undoped pristine graphene, the minimum of the
conduction band edge (EC) and the maximum of the valence band edge (EV) make
contact exactly at ED during the zero momentum state (i.e., E E ED C V= = ). Also,
for undoped graphene ED has been positioned at 0 eV. Consequently, the single-
layer undoped graphene possesses a unique zero Eg and categorized as semi-metal
(neither metal nor semiconductor), which is apparent from figure 7.1(a).

The density of states (DOS) per unit area per unit energy for 2D single-layer
undoped graphene can be obtained with the aid of E–k dispersion expression from
equation (7.1). The DOS in conduction band and in valance band for undoped
graphene are presented in equations (7.2) and (7.3), respectively, as follows [15]:

D E
E E
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From equations (7.2) and (7.3), it can be observed that DOS varies linearly with
respect to energy in both conduction band and valance band due to ED lying at 0 eV
for undoped graphene.

In general, the electron concentration (2D sheet—n) in conduction band can be
obtained analytically by integrating the product of DOS in conduction band and
Fermi function (probability of occupancy of a state) over the corresponding energy
range, which is reppresented as:

n D E f E E( ) ( ) d (7.4)
E

CB

C

∫=
∞

where the Fermi function, f E( ) is given by:

f E
E E
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where EF represents the Fermi energy, kB is the Boltzmann constant and T denotes
the temperature in kelvin. Since, EC and ED are the same for undoped pristine
graphene, D E( )CB in equation (7.2) can be exploited in equation (7.4) to compute n,
which can be obtained as:
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Using the integration by substitution method, equation (7.6) can be recomputed as:
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where Fη is the dimensionless parameter, which measures the Fermi energy (EF)
relatively with respect to Dirac point energy (ED) i.e., Fη = E E k T( )/F D B− . With the
aid of complete Fermi–Dirac integral formula, equation (7.7) can be solved
analytically and n for single-layer 2D undoped graphene is represented as:

n N ( ) (7.8)G 1 Fη= I

where ( )1 FηI represents the Fermi–Dirac integral over Fη with the order of 1 andNG

denotes the effective single-layer 2D graphene sheet DOS [15], and is represented as:
NG = k T2( ) / ( )fB

2 2π ℏv . Similarly, hole concentration (2D sheet—p) in valance band
for single-layer undoped graphene is also analytically derived by using the above-
mentioned procedure and is represented as:

p N ( ) (7.9)G 1 Fη= −I

The total sheet charge density (Qsh) for single-layer graphene can be quantified by
counting electron (n) and hole (p) sheet concentrations with considering the
corresponding electronic charge (q) i.e., Qsh = q p n( )− . Hence, utilizing equations
(7.8) and (7.9), Qsh for undoped graphene is represented as:

Q qN ( ) ( ) (7.10)sh G 1 F 1 Fη η= ℑ − − ℑ⎡⎣ ⎤⎦

The relative measure of EF in respect of ED has been modeled as the potential drop
inside the graphene and fundamentally archived as local channel potential—Vch in
the literature [6, 10, 11, 15] which is represented asVch = E E q( )/F D− . The quantum
capacitance (Cq) of single-layer graphene is interpreted as variation in total 2D sheet
charge density in respect of variation in graphene local channel potential (Vch), which
is given byCq = Q V/sh ch−∂ ∂ [5, 6]. In addition to that, the dimensionless parameters

Fη andVch are related as:Vch = k T q( / )B Fη . Therefore, Cq can be represented as:
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Utilizing equation (7.10) in equation (7.11), the Cq for single-layer undoped
graphene is analytically modeled as:

C
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e e[ ln(1 ) ln(1 )] (7.12)q
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Further, equation (7.12) is simplified analytically as follows:

C
q N
k T

ln {2[1 cosh( )]} (7.13)q

2
G

B
Fη= +

7.2.2 The electrostatics: B-substitution doped graphene

The drastic drawback of single-layer undoped pristine graphene is the lack of Eg (i.e.,
zero bandgap) in it when encountering it with traditional semiconductors. Due to
the absence of Eg in undoped graphene, the channel becomes conductive even when
the device is in the OFF state. Many methods have been archived in the literature to
overcome this drawback by the manual introduction of Eg in graphene. The first
method is cutting the larger area graphene sheet into graphene nanoribbons (GNRs)
[17]. However, in this method, the carrier mobility in GNR has been diminished
drastically [18]. In the second method, compression and extention of the larger area
graphene sheet is done [19]. The third method is the application of electric field
(E-field) perpendicular to the plane of bilayer graphene (BLG) [20]. This method,
however, is not suitable for monolayer graphene. In the fourth method, the graphene
is doped with impurities such as boron (B) or nitrogen (N) [21, 22], in which the
intrinsic behaviour of graphene would be preserved.

The unusual linear E–k relation of single-layer undoped graphene around the
Dirac point energy and its hexagonal lattice structure have been preserved by
incorporating a dopant such as B or N to the identical sublattice points of graphene.
This doping procedure is termed as substitution doping in graphene [21, 22].

The E–k relation of B- or N-substitution doped graphene (labelled as sample SA
ans SB, respectively) is investigated along with E–k relation of undoped pristine
graphene in a comparative manner, which is clearly depicted within figure 7.1. Also,
it can be noticed that, EC and EV for undoped graphene are exactly positioned at
Dirac point energy, which leads to zero E .g On the other hand, B- or N-doped
graphene are exhibiting non-zero Eg, which is increasing in respect of dopant
concentration and is enumerated in table 7.1. In addition to that, B- or N-doping in
single-layer graphene shifts the Dirac point energy above or below the Fermi energy
level (EF), respectively, which is manifested in figure 7.1(b).

Since the electron-deficient essence of B atoms as compared with carbon (C) atoms,
the notable shifting of Dirac point energy above EF has been established in sample SA.
Therefore, B-doping in graphene exhibits a behaviour similar to degenerately p-type
doped as in traditional semiconductors, and is shown in figure 7.1(b). The E–k
dispersion relation of sample SA can be modeled analytically in equations (7.14) and
(7.15) for conduction band and valence band, respectively, by incorporating doping
effects such as: Dirac point energy shifting with non-zero Eg [22, 23].

E E E k E E E( ) (7.14)fDV g DV g− + = ℏ ⩾ +v

E E k E E (7.15)fDV DV− = ℏ ⩽v
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where EDV denotes the shift in Dirac point energy due to B-doping. The maximum
point of valence band energy (EV) and EDV are identical for sample SA i.e., EDV = EV.
Therefore, the minimum point of conduction band energy (EC) for sample SA can be
modeled as a sum of shifted EDV and induced Eg i.e., EC = E EDV g+ , which is
deduced in figure 7.1(b).

The DOS per unit area per unit energy in conduction band and valence band for
2D single-layer sample SA can be obtained with the aid of E–k dispersion expression
reported in equations (7.14) and (7.15), respectively, and the corresponding DOS are
presented in equations (7.16) and (7.17), respectively, as follows [16, 23]:

E
E E E

E E ED ( )
2 ( )

( )
(7.16)

f
CB

DV g

2 DV gπ
=

− +
ℏ

⩾ +
v

⎡⎣ ⎤⎦

E
E E

E ED ( )
2( )

( )
(7.17)

f
VB

DV
2 DVπ

= −
ℏ

⩽
v

Utilizing the DOS and Fermi function, the 2D sheet hole (p) and electron (n)
concentration in valence band and conduction band, respectively, for sample SA has
been modeled mathematically as follows:

p N ( ) (7.18)G 1 FVη= −I

n N ( ) (7.19)G 1 FV gη η= −I

where FVη and gη are dimensionless parameters and FVη relatively measures EF from
the shifted Dirac point energy EDV due to B-dopant, which are denoted as:

FVη = E E k T( )/F DV B− and gη = E k T/g B . ( )1 FVη−I denotes the first order complete
Fermi–Dirac integral over FVη− . Subsequently, the total 2D charge sheet density (Qsh)
for mono-layered sample SA is acquired by summing p from equation (7.18) and n
from equation (7.19) with counterpart electronic charge (q), and is indicated as:

Q qN [ ( ) ( )] (7.20)sh G 1 FV 1 FV gη η η= − − −I I

Table 7.1. Induced bandgap (Eg) and shifted Dirac points (ED) in doped graphene with nitrogen (N) and
boron (B).

Doping percent 0% 6.25% 12.5% 18.75% 25%

Eg (eV) B-doped graphene 0 0.35 0.60 0.87 1.18

N-doped graphene 0 0.36 0.62 0.88 1.14

ED (eV) B-doped graphene (EDV) 0 0.52 1.12 1.03 1.23

N-doped graphene (EDC) 0 −0.45 −0.93 −0.84 −0.76
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From equation (7.20), it is clear thatQsh is primarily dependent on FVη and gη , which
can be disclosed by the change in EF, EDV and Eg, respectively. The Eg is established
non-zero Eg due to B-dopant and it can be customized by the amount of dopant
concentration, and it is constant about any external source of bias. On the other
hand, the change in E E( )/qF DV− can be modeled as local channel potential (Vch) of
B graphene, which is manifested as Vch = E E( )/qF DV− . In addition to that, the
dimensionless parameter FVη and Vch are related as: Vch = k T q( / )B FVη .
Consequently, the quantum capacitance (Cq) for 2D single-layer sample SA can be
modeled as:

C
q

k T

Q
(7.21)q

B

sh

η
= −

∂
∂

Using (7.20) in (7.21), it can be obtained as:

C
q N
k T

e eln [(1 )(1 )] (7.22)q

2
G

B

FV FV g= + +η η η− −

Equation (7.22) manifests the all region completeCq model for sample SA. When Eg

is zero, the EDV and FVη of sample SA become the same as ED and Fη in undoped
pristine graphene, respectively. Therefore, theCq model presented in equation (7.22)
is compatible for both sample SA and undoped graphene.

7.2.3 The electrostatics: N-substitution doped graphene

For the electron-rich attribute of N atoms as compared with C atoms, the
notable shifting of Dirac point energy below the EF has been manifested in sample
SB. Therefore, N-doping in graphene is disclosing a behaviour similar to degener-
ately n-type doped as in traditional semiconductors, and is demonstrated in
figure 7.1(b). The E–k dispersion relation of sample SB can be modeled analytically
in equations (7.23) and (7.24) for energy in conduction band and valence band,
respectively, by incorporating doping effects such as: Dirac point energy shifting
with non-zero Eg [22, 23].

E E k E E (7.23)fDC DC− = ℏ ⩾v

E E E k E E E( ) (7.24)fDC g DC g− − = ℏ ⩽ −v

where EDC denotes the shift in Dirac point energy due to N-doping. The minimum
point of conduction band energy (EC) and EDC are identical to sample SB, i.e.,
EDC = EC. Therefore, the maximum point of valence band energy (EV) for sample SB
can be modeled as a difference of shifted EDC and induced Eg i.e., EV = E EDC g− ,
which is clearly depicted in figure 7.1(b).

The DOS per unit area per unit energy in conduction band and valence band for
2D single-layer sample SB can be obtained with the aid of E–k dispersion expression
reported in equations (7.23) and (7.24), respectively, and the corresponding DOS are
presented in equations (7.25) and (7.26), respectively, as follows [16, 23]:
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E
E E

E ED ( )
2( )

( )
(7.25)

f
CB

DC
2 DCπ

= −
ℏ

⩾
v

E
E E E

E E ED ( )
2 ( )

( )
(7.26)

f
VB

DC g

2 DC gπ
=

− −
ℏ

⩽ −
v

⎡⎣ ⎤⎦

Utilizing the DOS and Fermi function, the 2D sheet electron (n) and hole (p)
concentration in conduction band and valence band, respectively, for sample SB has
been modeled analytically as follows:

n N ( ) (7.27)G 1 FCη= I

p N ( ) (7.28)G 1 FC gη η= − −I

where FCη is dimensionless parameter, which relatively measures EF from the shifted
Dirac point energy EDC due to N-dopant, and is termed as: FCη = E E k T( )/F DC B− .

( )1 FCηI denotes the first order complete Fermi–Dirac integral over FCη .
Subsequently, the total 2D charge sheet density (Qsh) for mono-layered sample SB
is acquired by summing n from equation (7.27) and p from equation (7.28) with
counterpart electronic charge (q), and is indicated as:

Q qN [ ( ) ( )] (7.29)sh G 1 FC g 1 FCη η η= − − −I I

From equation (7.29), it is clear that Qsh is primarily dependent on FCη and gη ,
which can be disclosed by the change in EF, EDC and Eg, respectively. The Eg is
established non-zero Eg due to N-substitution dopant and it can be customized by
the amount of dopant concentration, and it is constant about any external source
of bias. On the other hand, the change in E E q( )/F DC− can be modeled as local
channel potential (Vch) of sample SB, which is manifested asVch = E E q( )/F DC− . In
addition to that, the dimensionless parameters FCη and Vch are related as:
Vch = k T q( / )B FCη . Consequently, the quantum capacitance (Cq) for 2D single-layer
sample SB can be modeled as:

C
q

k T

Q
(7.30)q

B

sh

η
= −

∂
∂

Using (7.29) in (7.30), it can be obtained as:

C
q N
k T

e eln [(1 )(1 )] (7.31)q

2
G

B

FC g FC= + +η η η− −

Equation (7.31) manifests the all region completeCq model for sample SB. When Eg

is zero, the EDC and FCη of N-substitution doped graphene become the same as ED

and Fη in undoped pristine graphene, respectively. Therefore, theCq model presented
in equation (7.31) is compatible for both sample SB and undoped graphene.
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7.3 Electronic transport properties
In the design of nanoscale device models for field effect applications, it is crucial to
investigate the fundamental electronic transport features, such as interaction parameter
and mobility. The interaction parameter for 2D systems has been studied in [24, 25],
where it is investigated for both parabolic and linear dispersion. The literature [26, 27]
proposes static and dynamic screening functions for 2D mono-layered graphene with
regard to charged impurities. In this section, modeling and comparative analyses of the
interaction parameter and mobility for single-layer undoped pristine graphene and
B- or N-substitution doped graphene have been conducted.

7.3.1 Interaction parameter

The ratio of average inter-electron Coulomb interaction energy to Fermi energy is
expressed as the interaction parameter (rs) [24] also termed as Wigner–Seitz radius. The
interaction parameter for 2D single-layer graphene is analytically represented as follows:

r

q N

E
4 (7.32)r

s

2
T

0

F

π
πϵ ϵ=

where NT denotes the total 2D carrier sheet density (involving both holes and
electrons, i.e., N p nT = ∣ − ∣) in the system, 0ϵ represents the permittivity of vacuum,

rϵ denotes the dielectric constant. For SiO2 substrate-supported single-layer gra-
phene, rϵ is defined as ( 1)/2 2.5r SiO2ϵ ϵ= + ≈ [24]. For single-layer undoped pristine
graphene, the Fermi energy can be identified with the aid of carrier statistics and is
represented as: E NfF Tπ= ℏv [24]. Utilizing the above-mentioned EF in equation
(7.32), the rs of undoped graphene has been constant and varies only with respect to
dielectric constant of different supporting substrate material. However, for the case
of B- or N-substitution doped graphene, EF is altered by shifted Dirac point energy
and induced Eg due to B- or N-dopant. From the 2D carrier statistics, the position of
EF in B- and N-substitution doped graphene are related as in equations (7.33) and
(7.34), respectively as follows:

E

E E N E E E

E
E kT n

p
E E E E

E N E E

,

2 2
ln ,

.

(7.33)
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(7.34)
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From equations (7.34) and (7.33), it can be observed that the immense effect of B- or
N-substitution doping such as the shift in Dirac point energy (EDV or EDC), induced
non-zero Eg, and 2D carrier sheet density (both p and n) are fundamentally
paramount in obtaining EF, and hence, become essential in acquiring the rs. In
relation to various arbitrary values of EF, the interaction parameter for N and B-
substitution doped graphene is shown in figures 7.2(a) and (b), respectively, and
compared with rs of pristine graphene. From figures 7.2(a) and (b), it is evident that,
the rs is constant for pristine graphene, which is equal to 0.875 for graphene on SiO2

supported substrate. However, the N and B-substitution doped graphene have been
disclosing more interactive attributes away from the Dirac points and less interactive
near the Dirac points and inside the forbidden gap.

7.3.2 Mobility

The semi-classical drift-diffusive transport mobility (μ) for 2D single-layer graphene
has been explored analytically in [24, 29, 30], and it is given as:

q
h G r n

2
[2 ]

1
(7.35)

s i
μ =

where h represents the Planck’s constant, ni denotes the concentration of impurities
in single-layer graphene, andG x[ ] represents the function of x, which is utilized from
the literature [29]. From equation (7.35), it can be noticed that the semi-classical
drift-diffusive transport mobility (μ) primarily depends on the interaction parame-
ters rs and ni. The interaction parameter is already explored for both pristine and
doped graphene in the previous section.

On the other hand, the ni is composed of two parts: (1) impurities associated while
preparing the single-layer graphene samples [29]—n*; (2) the charged impurities
associated due to B- or N-substitution dopant [16]—nimp. Therefore, the effective
concentration of impurities (ni) is represented as in equation (7.36).

Figure 7.2. (a) The interaction parameter (rs) for N and B-substitution doped graphene in respect of different
arbitrary values of EF is plotted in (a) and (b), respectively, and various doping percentages from 0%
(undoped) to 25% with 6.25% of step size are considered. Reproduced with permission [28], Copyright 2021,
IEEE Proc. (c) With regard to various doping concentrations, the mobility and impurity concentration of
graphene doped with B- and N-substitutions have been illustrated. Reproduced with permission [16].
Copyright 2021, IEEE Trans. Electron Devices.
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n
n n

2
(7.36)i

imp=
+*

where n* is constant, which ranges from 2.5 10 cm12 2× − to 4.0 10 cm12 2× − for the
dirty samples of single-layer graphene [29]. And nimp represents the impurity concen-
tration associated with substitution doping in graphene. The impurity concentration
associated with doping in graphene (nimp) can be expressed analytically as:

n
kT2( )

( )
( ) (7.37)

f
imp

2

2 1π
η=

ℏv
I

Hence, the elemental parameters of interest to model the semi-classical drift-
diffusive transport mobility such as rs and ni are explicitly demonstrated from
equation (7.32) to equation (7.37) for both B- or N-substitution doped and undoped
pristine graphene. Also, it is evident that the rs and ni are predominantly modulated
by shifted Dirac points and induced non-zero Eg due to substitution doping in single-
layer graphene.

The mobility (μ) and impurity concentration associated with nimp are illustrated in
figure 7.2(c) against different B- or N-doping concentration from 0% (pristine
undoped graphene) to 25% with increment of 6.25%. The respective shift in Dirac
points and induced Eg have been exploited from table 7.1 [22] to plot figure 7.2.
From figure 7.2(c), it is observed that μ is reducing with increase in B- or N-doping
concentration. This is due to the increase in induced Eg in respect of B- or N-doping
concentration, which in turn expands the nimp. Since both N and B replacement
doping consider the same amount of doping concentration, the induced Eg in both
forms is roughly equivalent. Subsequently, nimp of B- or N-substitution doped
graphene are less distinguishable and hence, μ coincides for B- or N-substitution
doped graphene.

7.4 Modeling of monolayer GFETs
To examine the large signal features of GFETs, a variety of ID models have been
researched in the literature [6, 10, 11]. These models, however, are only applicable to
GFETs with zero Eg. With respect to diverse substrates, mobility is derived as a
constant and imported as an external parameter [6, 10, 11]. However, mobility is
solely dependent on the impurity concentration and interaction parameter, which
vary depending on the substrate material. In this section, an extensive drift-diffusion
ID for GFET has been modeled, which approaches the Newton–Raphson method
self-consistent solution by capturing all the physical phenomenon such as total 2D
carrier sheet charge density, quantum capacitance, and mobility in respect of
bandgap engineering.

7.4.1 The extensive drain current model for GFETs

To incorporate the drift current and diffusion current, the quasi-Fermi potential
based all region drain current (ID) model is investigated in this section, which is
analytically presented as:
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I qW (7.38)D sh dρ= − v

where W represents the channel width, shρ is the total 2D carrier sheet density and is

related as: shρ =
Q

q
sh , and dv denotes the carrier drift velocity [6]. Either 2D single-

layer undoped pristine graphene with zero Eg or B/N-substitution doped graphene
with induced non-zero Eg and shifted Dirac point are acting as the channel, which is
extensively modeled as a complete bottom-gated GFET device. Also, the schematic
picture of bottom-gated GFET is depicted in figure 7.3(a). The carrier drift velocity
for the bottom-gated GFET is modeled mathematically in equation (7.39).

E

E
1

(7.39)
d

sat

1

μ

μ
=

+
γ γ

v

v
⎜ ⎟

⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
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where satv denotes saturation velocity, γ represents dimensionless parameter for
fitting with measured data, and it is ranging from 0.7 to 1.2 [31], and E denotes
electric field through the graphene channel, which is expressed as: E = V xd /d− .
And, the external application of drain and source bias is modeled as the quasi-Fermi
potential split in the graphene channel, which is denoted as V x( ). Utilizing the
physical significance of gradual channel approximation technique, the linear
variation of V x( ) is assumed along the graphene channel, which can be modeled
asV x( 0)= = 0 V at S terminal andV x L V( ) DS= = at drain terminal. Utilizing dv
from equation (7.39), the ID model for both undoped pristine and B- or
N-substitution doped GFET is presented as:

I
qW dV

L dV
(7.40)

V

V
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0

sh
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∫
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Figure 7.3. (a) The schematic structure of bottom-gated graphene FET with SiO2 as both supporting substrate
and bottom gate insulator. (b) MIG electrical equivalent circuit model. Reproduced with permission [16].
Copyright 2021, IEEE Trans. Electron Devices.
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where L denotes the channel length and satv has been computed by using the model
presented in [31], which is noted as: satv = 2 / shω π πρ , and ωℏ represents phonon
energy of the surface. For single-layer graphene on SiO2 supported substrate,

ωℏ = 99 meV [10]. Also, the ID model in equation (7.40) is compatible for both
B- or N-substitution doped (both n-type doped and p-type doped) and undoped
pristine GFET, when carrier sheet density and mobility are modeled explicitly with
respect to substitution doping. The 2D carrier sheet density and semi-classical
mobility for both undoped and B/N-substitution doped graphene have been already
modeled precisely in the previous sections.

7.4.2 Metal insulator–graphene (MIG) equivalent circuit

The metal insulator–graphene (MIG) electrical equivalent circuit model is illustrated
in figure 7.3(b). In this,Cox denotes the gate dielectric capacitance,VG represents the
applied voltage at gate terminal,VG0 accounts the shifted Dirac point as a result of
the work function potential difference between the metal gate and single-layer
graphene channel, which is same as the flat band potential in traditional semi-
conductor FETs. The external application of drain-to-source potential shifts the
position of EF inside the graphene channel, which can be analytically related as:
E qV x( )F = − , whereV x( ) 0= at x 0= (at S terminal) andV x V( ) DS= at x L= (at
D terminal) are considered based on the widely accepted gradual channel approx-
imation technique. As discussed in the previous sections, the single-layer graphene
local channel potential Vch is defined as: Vch = E E q( )/F D− for undoped pristine
graphene;Vch = E E q( )/F DV− for B-substitution doped graphene;Vch = E E q( )/F DC−
for N-substitution doped graphene. The MIG electrical equivalent circuit model is
playing an immense role in obtaining the relation between Vch and Qsh, which is
obtained by the application of Kirchoff’s laws to the MIG model presented in
figure 7.3(b), and is denoted as:

V V V V x Q C( ) ( / ) (7.41)oxch G G0 sh= − − +

7.4.3 Self-consistent model

The total 2D carrier sheet charge density (Qsh) and quantum capacitanceCq for both
undoped pristine and substitution doped (either B- or N-doped) are poly-logarithmi-
cally varying in respect of Vch, which have been explored in the previous sections.
Consequently, equations (7.41) and (7.10) or equations (7.41) and (7.20) or
equations (7.41) and (7.29) will not have any closed-form of solution. Therefore,
these equations demand a numerical method of solution. One approach to achieve a
numerical solution is establishing the first order Newton–Raphson (NR) method
and solving self-consistently by assuming the initial values ofVch or Qsh. The flow-
algorithmic procedure to implement the first order NR method self-consistent
solution is briefly demonstrated in figure 7.4. For a given gate and drain bias
situation, the root solution such asVch and Qsh have been manifested from the self-
consistent method. Ultimately, the requisite shρ in equation (7.40) can be acquired as
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Q q/sh shρ = ∣ ∣ . Although, the variable of integration used in the ID model of equation
(7.40) ( Vd ) can be reordered as: V V V Vd (d /d )dch ch= . Applying differentiation on
equation (7.41) in respect ofV and rearranging, which has the outcome:

V
V

C

C
d
d

1 (7.42)
oxch

q= − +⎜ ⎟
⎛
⎝

⎞
⎠

Utilizing equation (7.42) and changing the integration variable intoVch and changing
the integration limit in equation (7.40), the most generalized ID model for single-
layer GFET is presented as follows:
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(7.43)
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Figure 7.4. The algorithmic flow graph showing the procedure of self-consistent approach by employing first
order Newton–Raphson (NR) numerical method. Reproduced with permission [16]. Copyright 2021, IEEE
Trans. Electron Devices.
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whereVchs represents the single-layer graphene local channel potential at S terminal,
which can be achieved from equation (7.41) by substitutingV x( ) 0= andVchd is the
single-layer graphene local channel potential at D terminal, which can be acquired
from equation (7.41) by incorporatingV x V( ) DS= . Further, for both undoped and
substitution doped GFETs, μ, shρ , and Cq are directly depend onVch and hence, the
integration is computed in respect ofVch and the appropriate limits are applied.

7.4.4 Model validation

Figure 7.5(a) validates the theoretical model of mobility and experimentally
measured data [32] of mobility for both undoped and B-doped GFETs. The five
different B-doping concentrations from [32] have been considered: 0 (undoped
pristine graphene), 3.63%, 7.52%, 11.31%, and 13.85% to validate the theoretical
mobility model. Additionally, the theoretical mobility model has been given the
corresponding shift in Dirac points and induced non-zero Eg from [32] as inputs.
From figure 7.5(a), it is evident that the analytical mobility model discloses
significant matching with experimentally measured mobility for the case of both
undoped and B-doped GFETs.

The complete self-consistent ID model of GFET has been validated with
experimentally measured data [32] for the case of bottom-gated 7.5% of boron-
doped GFET, which is manifested in figure 7.5(b). From the experiment [32], for
7.5% of boron-doped GFET, the shift of 1.1 eV is observed in Dirac point and
induced non-zero Eg of 0.32 eV have been extracted and supplied as a input for the
ID model. Besides, the parameters such as: L = 1.7 μm,W = 1.2 μm,VG0 = −1.787 V,
Ctop = 11.51 nF cm−2, μ = 530 cm2 V−1 s−1 have also been considered for validation.
The complete ID model of B-doped GFET exhibits an excellent agreement with
experimentally measured data for ID − VG transfer characteristics with various
drain–source potential such as:VSD = 0.1 V, 0.3 V, and 0.5 V.

Figure 7.5. (a) Justification of the mobility model using data from bottom-gated GFETs that were both
undoped and B-doped at various B-doping concentrations [31]. (b) Validation of complete model with
measured data from 7.5% B-doped GFET [31]. Total 2D carrier sheet density ( shρ ) and Vch in respect of
applied gate bias (VG) for (c) 12.5% N-doped GFET, and (d) 12.5% B-doped GFET, which are demonstrating
the amelioration of ambipolar behaviour in B/N-substitution doped GFETs in comparison with undoped
GFET. Reproduced with permission [16]. Copyright 2021, IEEE Trans. Electron Devices.
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7.4.5 Characteristics of GFETs

7.4.5.1 Carrier statistics of bottom-gated undoped, B- and N-substitution
doped GFETs

Figure 7.5 depicts the plot of total 2D carrier sheet density ( shρ ) andVch for a wide
range of bias conditions using the method of self-consistent interpretation. The
variations of total 2D carrier sheet density andVch with respect to gate voltage (VG)
for 12.5% N and 12.5% B-doped GFETs are depicted in figures 7.5(c) and (d),
respectively, and investigated against undoped pristine GFET in a comparative
manner. From figure 7.5, it is evident that the ambipolar behaviour is apparent in
undoped pristine GFETs, which becomes the hurdle to turn off the transistor
absolutely. Alternatively, n-type conductivity behaviour in N-substitution doped
GFET and p-type conductivity attribute in B-substitution GFET have been
manifested instead of ambipolar behaviour, which are transparently illustrated in
figures 7.5(c) and (d), respectively. For GFETs with B- or N-doping, the transport
carriers are totally drained out in the negative VG bias region or in the positive VG

bias region, which greatly benefits the OFF current. The displaced Dirac point and
generated non-zero Eg from B- or N-substitution doping are the culprits behind this.

7.4.5.2 Transfer characteristics of undoped, B- and N-substitution doped GFETs
Undoped pristine GFET, B- and N-substitution doped GFETs have been simulated
with the aid of a complete ID model by considering various doping percentages from
0% to 25% with 6.25% of step size. The I VD G− transfer characteristics for N and B-
substitution doped GFETs have been explored and relatively examined with
undoped pristine GFET. From the figures 7.6(a) and (c), it can be noticed that,
the shifting of Dirac points about negative/positive values ofVG have been observed
for N/B-substitution doped GFET with respect to increase in dopant concentration.
In addition to that, the OFF current of B- or N-substitution doped GFETs close to
Dirac point has been reduced significantly as compared to undoped pristine GFET.
Subsequently, B- or N-substitution doping in graphene enhances the OFF current at
the cost of reduced ON current due to the diminished mobility by B- or N-dopant.
Nevertheless, the central quantity of interest, i.e., ON/OFF ratios of B- or N-
substitution doped GFET have been enhanced enormously as compared to undoped
pristine GFET. The ON/OFF ratio for undoped GFET is ≈1, while for B-
substitution doped GFET, it has shown a value ≈8 × 104 for 25% B-doped.
Likewise, for N-substitution doped GFET the ON/OFF ratio has been reported
≈7.7 × 104 for 25% N-doped. Also, for B- or N-substitution doped GFET, it is
evident that the ambipolar characteristics in undoped pristine graphene have been
suppressed notably as compared with undoped GFET, which makes it clear that the
former is highly suitable for digital applications.

7.4.5.3 Output characteristics of bottom-gated undoped, B- and N-substitution
doped GFETs

Figures 7.6(b) and (d) investigate the output behaviour of N and B-substitution
doped GFET, respectively, and relatively compared with undoped pristine GFET.
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The saturation behaviours of B- or N-substitution doped GFETs have been
enriched, whereas the undoped pristine GFET discloses linear I VD DS− ∣ ∣ attributes,
which is demonstrated in figures 7.6(b) and (d). Since, the carrier transport mobility
is decreased from 3282 cm2 V−1 s−1 to 60 cm2 V−1 s−1 for undoped pristine (0%)
GFET to 25% B-substitution doped GFET, the ID is also reduced. Nevertheless, in
B/N-substitution doped GFET, the linear I–V behaviour has been absolutely
suppressed when VDS∣ ∣⩾ 0.5 V and saturation has been established when compared
to undoped pristine GFET, which is extreamly useful in analog/RF applications.

7.5 Static linearity and nonlinearity analysis of GFETs
The vital RF parameters such as transconductance, output resistance, gain, and fT of
GFETs have been examined, which are important while considering analog/RF
applications. At the same time, analyzing the linearity and nonlinearity performance
is essential for all RF systems. The device’s linearity behaviour reveals that
intermodulation distortions and higher order harmonics are minor, indicating
improved reliability. It also provides an estimate of the upper limit of the applied
input signal that can be handled by an RF system without distortion. However, the
existence of nonlinearities in an RF system will have detrimental effects such as gain
compression, cross modulation, and harmonic and intermodulation distortion, all of
which affect the performance and dependability of the device [33]. Therefore, rather
than at the system level, it is essential to study the device’s nonlinearity behaviour at
the transistor level.

7.5.1 Modeling of VN for doped GFETs

Figure 7.7(a) depicts the equivalent circuit model B-doped GFETs obtained using a
Verilog-A code from the Cadence Spectre circuit simulator [10]. The corresponding
symbol is as shown in figure 7.7(b). Source contact resistance RS and drain contact
resistance RD are both taken to be 172 Ω [10]. Furthermore, CGS and CGD are the
gate-source and the gate-drain capacitance, respectively. In the proposed model, the
error-free region is considered when Veff > VDSi/2. Hence, CGS and CGD can be
modeled as C WLOX × and C WL/2OX × , respectively [11].

Figure 7.6. DC characteristics of N- and B-doped GFET with L = 1.7 μm, W = 1.2 μm, VG0 = −1.787 V,
Ctop = 11.51 nF cm−2, and γ = 1. The percentage of doping is changed from 0% to 25% with a step size of
6.25%. (a), (c) ID −VG at fixed VDS∣ ∣ = 0.5 V. (b), (d) ID −VDS at fixed VG∣ ∣ = 5 V. Reproduced with permission
[16]. Copyright 2021, IEEE Trans. Electron Devices.
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The induced potential (VN) due to substitution doping will be investigated with
expression and figure. This potential, which is a result of the Dirac point shift and
Egtriggered by B-doping in single-layer graphene could be modeled based on [23, 35, 36]:

V
qN
C

(7.44)N
f

q
=

where Nf is concentration of donor or acceptor impurity atoms and Cq is quantum
capacitance. Boron-doping introduces a Eg and considerably moves the Dirac point in
single-layer graphene. The different doping levels and their associated induced Eg and
shifting of the Dirac point are taken from [20]. Both Nf andCq can be modeled as in our
earlier work based on distinct Eg and Dirac points [23]. Figure 7.7(c) shows the change
in induced VN, Eg, and Cq for B-doping with concentration 0, 2, 4, 6, 8,10 and 12
percentages. Boron-doped GFET with doping concentrations 0, 2, 4, 6, 8, 10 and 12%
are labelled as sample S1, S2, S3, S4, S5, S6 and S7, respectively, throughout the
chapter. As the Dirac point shift and Eg for undoped graphene are zero, their Nf andVN

also remain zero. In contrast, Eg for B-doped graphene increases with increase in doping
percentage, which in turn increases Nf andVN as evident from figure 7.7(c). The values
of these parameters for different doping concentrations are listed in table 7.2.

7.5.2 Verilog-A implementation of GFETs

B-doped single-layer graphene is used as the channel, source, and drain with doping
concentrations ranging from 2% to 12% with step size of 2%. The doped and
undoped GFET can both be studied with the analytical model of the simplified ID
from [11], which is expressed as follows:
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Figure 7.7. (a) A compact electrical equivalent circuit for undoped and boron-doped GFET.
(b) Representation of equivalent circuit model as obtained from the Cadence Spectre circuit simulator using
Verilog-A code. (c) The variations of induced potential (VN), Eg and quantum capacitance (Cq) with B-doping
concentration. Reproduced from [34], copyright 2021, with permission from Elsevier.
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where L andW are length and width of the channel, respectively.COX represents the
gate-oxide capacitance per unit area and q, the electronic charge (1.6 10 C19× − ). ωℏ
andVDSi denotes the surface phonon energy and the internal potential between drain
(D) and source (S) terminal, respevitvely. Veff is labelled as the effective potential
between gate (G) and S terminal. It is given by V V Veff GSi N= + , whereVGSi is the
sum of internal potential between G and S terminalVN is the potential induced by
doping. Also, VN for B-doped GFET has been already modeled in the previous
section. Doping single-layer graphene with B or N by swapping out carbon atoms
with the same sublattice positions is referred to as doping [22, 37]. Furthermore, the
effective mass (m*) of the charge carriers is also changed by B-doping in graphene,
and it rises as the dopant concentration rises. The primary factor influencing
carriers’ movement is their effective mass. It has been observed that the increase
in m* is negligible [22] in relation to the concentration of B-dopant, in contrast to the
shift in Dirac point and induced Eg. Therefore, for B-doped GFET, the constant
undoped GFET mobility (μ = 7000 cm2 V−1 s−1 [11]) is taken into account.

7.5.3 Static nonlinearity transconductance model

From the compact equivalent model (figure 7.7(a)), the ID, RS, and RD are the
memoryless components that serve as the primary generator of memoryless (static)
nonlinearities. The causes of dynamic nonlinearities are memory elements like CGS

and CGD. Because CGS and CGD have relatively low values, their effects on
nonlinearity are only readily visible at high frequencies and almost nonexistent at
low frequencies. According to the literature [37] and [38], the impacts of RS and RD

induced nonlinearity are negligible. However, because of its direct reliance on input
and memoryless behaviour, ID should be extensively modeled. For B-doped GFET,
the static nonlinear attributes of ID are modeled analytically using [33] as:

Table 7.2. Modelled memoryless linearity and nonlinearity figures of merit (FOMs), Eg, and VN in B-doped
and undoped GFET with different doping concentrations. Reproduced from [34], copyright 2021, with
permission from Elsevier.

B-doping
Percentage

0
SI

2
S2

4
S3

6
S4

8
SS

10
S6

12
S7

Eg (eV) 0 0.14 0.28 0.43 0.53 0.66 0.72
VN (V) 0 0.0346 0.0931 0.1523 0.2015 0.2613 0.3082
HD2 (dB) −55.66 −55.87 −56.2 −56.53 −56.79 −57.1 −57.33
HD3 (dB) −105.03 −105.45 −106.13 −106.79 −107.32 −107.95 −108.42
IM2 (dB) −49.64 −49.85 −50.18 −50.51 −50.77 −51.08 −51.31
IM3 (dB) −95.49 −95.91 −96.59 −97.25 −97.78 −98.41 −98.88
AIIP2 (dBV) 15.66 15.87 16.2 16.53 16.79 17.1 17.33
AIIP3 (dBV) 13.77 13.97 14.32 14.65 14.91 15.22 15.46
Ain, l dB (dBV) 4.13 4.34 4.68 5.01 5.28 5.59 5.82
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I g x t g x t g x t g x t( ) ( ) ( ) ( ) (7.46)m m m mn
n

D 1 2
2

3
3≈ + + + ⋯ +

where x t A ft( ) cos(2 )π= is the input signal applied to the G–S terminal of the FET
with amplitude A and frequency f. It is taken into account in memoryless form so as
to extract out the static nonlinearity in B-doped GFET. Hence it could be under-
stood that current ID depends only on the amplitude of x t( ) and is unaffected by the
frequency band f of x t( ). Therefore, ID in equation (7.46) can be modified as:

I g A g A g A g A (7.47)m m m mn
n

D 1 2
2

3
3≈ + + + ⋯ +

where gm1, gm2,..., gmn are the transconductance coefficients. The higher order
coefficients, such as gm4, gm5, and others, are essentially nonexistent for small
amplitude operation and only become visible at very large amplitudes, where the
GFET device’s amplifying behaviour is lost. Therefore, only the gm1, gm2, and gm3,
which are determined using equation (7.47), are the main quantities of importance
for extracting memoryless nonlinearity. These are obtained directly from the relation

g
n

I
A t

A
1 d

d ( )
at 0 (7.48)mn

n

n
D=

!
=

where n = 1, 2, 3. It is clear from equation (7.48) that the transconductance
coefficients have a direct dependence on ID, making them the main cause of
memoryless nonlinearity.

The harmonic distortion terms, HD2 (second) and HD3 (third order), intermo-
dulation distortion terms, IM2 (second) and IM3 (third) and intercept points, AIIP2

(second) and AIIP3 (third) as well as the gain compression point (Ain dB, 1 ), are
memoryless nonlinearity FOMs that are analytically modeled based on [33]. These
terms primarily depend on the transconductance (gm1, gm2, gm3) and amplitude (A) of
applied small signal input. The transconductance coefficients were obtained with
respect to various B-doping concentrations ranging from 0% to 12% in steps of 2 and
are used to investigate the static linearity and nonlinearity created by GFET.

7.5.4 Harmonic and intermodulation distortions

7.5.4.1 Analysis with doping level: HD and IM
The effects of memoryless linearity and nonlinearity are explored by studying the
various FOMs with regard to various B-doping concentrations. The device
specifications areW 1 mμ= , t 8.5OX = nm, L = 440 nm, and h-BN as gate dielectric
with 3.5 relative permittivity in order to explore the linearity and nonlinearity
FOMs. Figures 7.8(a) and (b), respectively, show the HD2 and HD3 (harmonic
distortion terms) with regard to different B-doping levels. The biased values for both
the undoped and B-doped GFET are observed to beV 1.5GSi = V,V 0.4DSi = V and
A 20= mV. In sample S1 can be observed HD2 and HD3 values of −55.66 dB
and −105.03 dB, respectively, while for sample S7 the values are seen as −57.33 dB
and −108.42 dB, respectively. In comparison to S1, samples S2–S7 show consid-
erable reductions in HD2 which are −0.20, −0.54, −0.87, −1.13, −1.44, and
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−1.67 dB, respectively, and also in HD3 are −0.42, −1.10, −1.76, −2.29, −2.91, and
−3.39 dB, respectively. These results are presented in figures 7.8(a) and (b).

The terms IM2 and IM3 are depicted with respect to various B-doping levels in
figures 7.8(c) and (d), respectively. The observed IM2 and IM3 for an undoped GFET
are −49.64 and −95.49 dB, respectively. The observed HD2 and HD3 for sample S7
are −51.31 dB and −98.88 dB, respectively. The IM2 values for samples S2–S7 have
significantly diminished in comparison to the undoped GFET by 0.20, 0.54, 0.87,
1.13, 1.44, and 1.67 dB, respectively. Similar to this, the lowered IM3 values for
sample S1 are −0.42, −1.10, −1.76, −2.29, −2.91, and −3.39 dB, respectively. These
values are clearly displayed in figures 7.8(c) and (d) and are also included in table 7.2
in a comparative manner.

7.5.4.2 Investigation with input amplitude: HD and IM
By investigating key static nonlinearity FOMs like HD2, HD3, IM2, and IM3,
figures 7.9(a) and (b) demonstrate the examination of memoryless nonlinearity
effects with respect to applied small signal input amplitudes (A). The device
parameters are:W 1= μm, t 8.5ox = nm, L 440= nm, and h-BN as gate dielectric
with 3.5 relative permittivity. The 12% boron-doped GFET is driven atV 1.5GSi = V,
V 0.4DSi = V. Figures 7.9(c) and (d) depict the variations of HD2, IM2, HD3 and IM3

for B-doping concentration of 12% in regard to various input small signal
amplitudes (A). The input signal is adjusted between 5 and 50 mV. From the
graphs it can be observerved that HD2 and IM2 are curbed by −6 dB and HD3 and
IM3 are suppressed by −12 dB when A is cut in half from 20 mV to 10 mV.
Correspondingly, HD2 and IM2 are boosted by 6 dB HD3 and IM3 are augmented by
12 dB when A is doubled from 20 mV to 40 mV.

7.5.4.3 Investigation with device parameter: HD and IM
For a 12% B-doped GFET, the consequences of memoryless linearity and non-
linearity are investigated by analysing the various FOMs with regard to the device
parameterCOX. Due toCOX’s direct dependence on FOMs and intrinsic voltage gain
(Av), linearity and nonlinearity FOMs can be evaluated in relation to COX regardless
of gate-oxide thickness (tox) and different types of gate insulator. A = 20 mV,
W = 1 μm, L 440= nm,V 1.5GSi = V andV 0.4DSi = V, are the device parameters

Figure 7.8. HD and IM terms for samples S1–S7. (a), (b) H D2, H D3. (c), (d) IM2, IM3. Reproduced from
[34], copyright 2021, with permission from Elsevier.
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that are taken into account. Figure 7.10(a) examines the variations of Av and
distortion terms HD and IM with regard to varied COX for sample S7. Av rises with
a rise in COX because of the field effect principle. In contrast, as gm2 and gm3 grow in
relation to an increase in COX, due to which the terms HD2, HD3, IM2, and IM3 also
begin to increase, resulting in greater nonlinear behaviour. Because of this, the
reliable region of B-doped GFET device operation can be attained by trading COX

between Av and static nonlinearity FOMs. And in order to achieve more trustworthy
operation, the appropriate range of COX for S7 is 3–6 mF m−2, which is shaded and
explicitly explored in figure 7.10(a).

7.5.5 Gain compression and input intercept points

7.5.5.1 Investigation with doping level: IP
Figures 7.9(a) and (b), respectively, show the variations of second and third order
input intercept points (AIIP2 and AIIP3) with regard to various B-doping levels from 2,
4, 6, 8,10 and 12%. In comparison to those for sample S7, which are 17.33 dBV and

Figure 7.10. The HD and IM terms, the IP and 1-dBCP points, and Av for sample S7 with respect to COX are
examined. COX for sample S7 is traded between Av and static nonlinearities as a result, the shaded area
represents the GFET’s reliable zone of operation. (a) HD and IM. (b) IP and 1-dBCP. Reproduced from [34],
copyright 2021, with permission from Elsevier.

Figure 7.9. (a) and (b) AIIP2, AIIP3 for undoped and B-doped GFET (c) HD2 and IM2. (d) HD3 and IM3.
Reproduced from [34], copyright 2021, with permission from Elsevier.
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15.46 dBV, respectively, the observed AIIP2 and AIIP3 for S1 are 15.66 dBV and
13.77 dBV. Figure 7.9 vividly highlights the large improvements in AIIP2 and AIIP3

samples S2, S3, S4, S6 and S7 are showing in comparison to S1. These enhancements
are 0.20, 0.54, 0.87, 1.13, 1.44, and 1.70 dBV, respectively, for AIIP3 and 0.20, 0.54,
0.87, 1.13, 1.44, and 1.67 dBV, respectively, for AIIP2 as depicted in figures 7.9(a)
and (b).

7.5.5.2 Investigation with device parameter: IP and 1-dBCP
The input intercept and gain compression points (IP or AIIP and 1-dBCP or Ain, 1dB)
and intrinsic voltage gain (Av) of sample S7 with respect to various COX is
investigated in figure 7.10(b). Due to the field effect principle, Av is increasing
with increase in COX. On the other hand, the linearity behaviour weakens as a
consequence of the rise in gm2 and gm3 with regard to the increase in COX, which
causes the input intercept and gain compression points (IP2, IP3, and 1-dBCP) to
begin lowering. In order to attain the trustworthy zone of B-doped GFET device
operation, COX, is exchanged between Av and static linearity FOMs. In order to
operate in a more dependable zone, the appropriate COX range S7 is 3–6 mF m−2,
which is shaded and plainly demonstrated in figure 7.10(b).

7.5.6 Simulation setup

By creating a Verilog-A code for the compact equivalent model in figure 7.7(a), the
symbols for undoped GFET and B-doped GFET have been constructed. The
simulation test is implemented on the intended symbol using the Cadence Spectre
simulator to study the various linearity and nonlinearity effects. To look at the
device’s static nonlinearity, numerous analyses have been run in the simulator.
V 1.5GSi = V, V 0.4DSi = V, and A 20= mV are the standard biassing parameters.
Additional conditions are transparently provided for the specific investigation.

7.6 Conclusions and future prospects
In summary, the electrostatics and electronic transport properties of undoped, B-
and N-substitution doped graphene have been explored extensively. Utilizing these
effects, the phenomenological all region ID model for GFETs has been established
using the first order NR method of self-consistent solution for MIG equivalent
model and corresponding 2D carrier sheet charge density and also its characteristics
have been examined. Additionally, the memoryless linearity and nonlinearity
performance of GFETs have been extracted using the Verilog-A implementation
of GFETs in Cadence Spectre circuit simulator. The paramount linearity and
nonlinearity FOMs have been examined with respect to different doping concen-
trations, different small signal amplitudes, and different gate-oxide capacitances and
the improved reliability in B-substitution doped GFET is reported. The fruitful key
attributes of B- or N-substitution doping in graphene can be outlined as follows:

1. Induced non-zero bandgap with shifted Dirac point energy and enhancement
in quantum capacitance have been achieved.
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2. The bipolar gating effect has been suppressed significantly as compared with
undoped pristine GFET, which is disclosed from the transfer characteristics.

3. The OFF current of B- or N-substitution doped GFETs has been reduced
significantly as compared to undoped pristine GFET.

4. The ON/OFF ratio for undoped GFET is ≈1, whereas for B- and
N-substitution doped GFET, it has been extremely enhanced ≈8 × 104

and ≈7.7 × 104 for 25% B-doped and N-doped GFET, respectively.
5. The second- and third-order distortion FOMs for B-doped GFET have been

suppressed significantly by a factor of 1.67 dB and 3.38 dB, respectively, with
respect to undoped GFET, whcih reveals the ameliorated nonlinearity
behaviour in B-doped GFET.

6. The second- and third-order linearity FOMs of B-doped GFET have been
improved by a factor of 1.69 dBV, when compared to undoped GFET, which
manifests enhanced linearity behaviour in B-doped GFET.

Therefore, B- or N-substitution doping in graphene prove the potential of B/N-
doped GFETs and make them highly suitable in digital applications, also fulfilling
the superior linearity requirement in analog/RF applications.

Further, in future perspective, the exploration of other vital transport properties
such as mean free path and energy level broadening at the contacts will play a major
role in designing the ballistic transport limit of graphene channel with respect to its
length. For the case of ballistic transport, the quantum transport based non-
equilibrium Green’s function model will be fruitful for GFET with channel length
less than the mean free path.

References
[1] Neto A C, Guinea F, Peres N M, Novoselov K S and Geim A K 2009 The electronic

properties of graphene Rev. Mod. Phys. 81 109
[2] Asad M, Jeppson K O, Vorobiev A, Bonmann M and Stake J 2021 Enhanced high-

frequency performance of top-gated graphene FETs due to substrate-induced improvements
in charge carrier saturation velocity IEEE Trans. Electron Devices 68 899–902

[3] Feijoo P C, Pasadas F, Iglesias J M, Rengel R and Jiménez D 2019 Radio frequency
performance projection and stability tradeoff of h-BN encapsulated graphene field-effect
transistors IEEE Trans. Electron Devices 66 1567–73

[4] Rawat B and Paily R 2015 Analysis of graphene tunnel field-effect transistors for analog/RF
applications IEEE Trans. Electron Devices 62 2663–9

[5] Fang T, Konar A, Xing H and Jena D 2007 Carrier statistics and quantum capacitance of
graphene sheets and ribbons Appl. Phys. Lett. 91 092109

[6] Thiele S A, Schaefer J A and Schwierz F 2010 Modeling of graphene metal-oxide-
semiconductor field-effect transistors with gapless large-area graphene channels J. Appl.
Phys. 107 094505

[7] Xia J, Chen F, Li J and Tao N 2009 Measurement of the quantum capacitance of graphene
Nat. Nanotechnol. 4 505–9

[8] Xu H, Zhang Z and Peng L M 2011 Measurements and microscopic model of quantum
capacitance in graphene Appl. Phys. Lett. 98 133122

Recent Advances in Graphene and Graphene-Based Technologies

7-24

https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1109/TED.2020.3046172
https://doi.org/10.1109/TED.2018.2890192
https://doi.org/10.1109/TED.2015.2441092
https://doi.org/10.1063/1.2776887
https://doi.org/10.1063/1.3357398
https://doi.org/10.1038/nnano.2009.177
https://doi.org/10.1063/1.3574011


[9] Pourasl A H, Ariffin S H S, Ahmadi M T, Gharaei N, Rashid R A and Ismail R 2019
Quantum capacitance model for graphene FET-based gas sensor IEEE Sens. J. 19 3726–32

[10] Fregonese S, Magallo M, Maneux C, Happy H and Zimmer T 2013 Scalable electrical
compact modeling for graphene FET transistors IEEE Trans. Nanotechnol. 12 539–46

[11] Rodriguez S, Vaziri S, Smith A, Fregonese S, Ostling M, Lemme M C and Rusu A 2014 A
comprehensive graphene FET model for circuit design IEEE Trans. Electron Devices 61
1199–206

[12] Novoselov K S, Geim A K, Morozov S V, Jiang D E, Zhang Y, Dubonos S V, Grigorieva
I V and Firsov A A 2004 Electric field effect in atomically thin carbon films Science 306
666–9

[13] Novoselov K S, Geim A K, Morozov S V, Jiang D, Katsnelson M I, Grigorieva I, Dubonos
S and Firsov A 2005 Two-dimensional gas of massless Dirac fermions in graphene Nature
438 197–200

[14] Wallace P R 1947 The band theory of graphite Phys. Rev. 71 622
[15] Champlain J G 2011 A first principles theoretical examination of graphene-based field effect

transistors J. Appl. Phys. 109 084515
[16] Chandrasekar L and Pradhan K P 2021 Self-consistent modeling of B or N substitution

doped bottom gated graphene FET with nonzero bandgap IEEE Trans. Electron Devices 68
3658–64

[17] Kim P, Han M Y, Young A F, Meric I and Shepard K L 2009 Graphene nanoribbon devices
and quantum heterojunction devices 2009 IEEE Int. Electron Devices Meeting (IEDM)
(Piscataway, NJ: IEEE) pp 1–4

[18] Schwierz F 2010 Graphene transistors Nat. Nanotechnol. 5 487–96
[19] Ni Z H, Yu T, Lu Y H, Wang Y Y, Feng Y P and Shen Z X 2008 Uniaxial strain on

graphene: Raman spectroscopy study and band-gap opening ACS Nano 2 2301–5
[20] Zhang Y, Tang T T, Girit C, Hao Z, Martin M C, Zettl A, Crommie M F, Shen Y R and

Wang F 2009 Direct observation of a widely tunable bandgap in bilayer graphene Nature
459 820–3

[21] Rani P and Jindal V K 2013 Designing band gap of graphene by B and N dopant atoms RSC
Adv. 3 802–12

[22] Sharma P, Singh S, Gupta S and Kaur I 2017 Enhancing linearity in I–V characteristics by B/N
doping in graphene for communication devices J. Mater. Sci., Mater. Electron. 28 7668–76

[23] Chandrasekar L and Pradhan K P 2020 Carrier density and quantum capacitance model for
doped graphene 2020 4th IEEE Electron Devices Technology and Manufacturing Conf.
(EDTM) (Piscataway, NJ: IEEE) pp 1–4

[24] Sarma S D, Adam S, Hwang E H and Rossi E 2011 Electronic transport in two-dimensional
graphene Rev. Mod. Phys. 83 407

[25] Sarma S D, Hwang E H and Li Q 2009 Valley-dependent many-body effects in two-
dimensional semiconductors Phys. Rev. B 80 121303

[26] Ando T 2006 Screening effect and impurity scattering in monolayer graphene J. Phys. Soc.
Jpn. 75 074716

[27] Hwang E H and Sarma S D 2007 Dielectric function, screening, and plasmons in two-
dimensional graphene Phys. Rev. B 75 205418

[28] Chandrasekar L and Pradhan K P 2021 Modeling and investigation of electronic transport
properties of boron or nitrogen substitution doped single layer graphene 2021 IEEE 16th
Nanotechnology Materials and Devices Conf. (NMDC) (Piscataway, NJ: IEEE) pp 1–4

Recent Advances in Graphene and Graphene-Based Technologies

7-25

https://doi.org/10.1109/JSEN.2019.2896882
https://doi.org/10.1109/TNANO.2013.2257832
https://doi.org/10.1109/TED.2014.2302372
https://doi.org/10.1109/TED.2014.2302372
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1038/nature04233
https://doi.org/10.1103/PhysRev.71.622
https://doi.org/10.1063/1.3573517
https://doi.org/10.1109/TED.2021.3080224
https://doi.org/10.1109/TED.2021.3080224
https://doi.org/10.1038/nnano.2010.89
https://doi.org/10.1021/nn800459e
https://doi.org/10.1038/nature08105
https://doi.org/10.1039/C2RA22664B
https://doi.org/10.1007/s10854-017-6460-2
https://doi.org/10.1103/RevModPhys.83.407
https://doi.org/10.1103/PhysRevB.80.121303
https://doi.org/10.1143/JPSJ.75.074716
https://doi.org/10.1103/PhysRevB.75.205418


[29] Adam S, Hwang E H, Galitski V M and Sarma S D 2007 A self-consistent theory for
graphene transport Proc. Natl Acad. Sci. USA 104 18392–7

[30] Chen J H, Jang C, Adam S, Fuhrer M S, Williams E D and Ishigami M 2008 Charged-
impurity scattering in graphene Nat. Phys. 4 377–81

[31] Yamoah M A, Yang W, Pop E and Goldhaber-Gordon D 2017 High-velocity saturation in
graphene encapsulated by hexagonal boron nitride ACS Nano 11 9914–9

[32] Tang Y B et al 2012 Tunable band gaps and p-type transport properties of boron-doped
graphenes by controllable ion doping using reactive microwave plasma ACS Nano 6 1970–8

[33] Razavi B 2012 RF Microelectronics 2nd edn (Upper Saddle River, NJ: Prentice-Hall)
[34] Chandrasekar L and Pradhan K P 2021 Memoryless linearity in undoped and B-doped

graphene FETs: a relative investigation to report improved reliability Microelectron. Reliab.
125 114363

[35] Chandrasekar L, Pradhan K P and Kumar P 2019 Comparative study on nonlinearity of
doped and undoped GFET using DC characteristics 2019 IEEE 16th India Council Int. Conf.
(INDICON) (Piscataway, NJ: IEEE) pp 1–4

[36] Lakshumanan C and Pradhan K P 2021 Memoryless non‐linearity in B‐substitution doped
and undoped graphene FETs: a comparative investigation IET Circuits Devices Syst. 15
641–8

[37] Rodriguez S, Smith A, Vaziri S, Ostling M, Lemme M C and Rusu A 2014 Static
nonlinearity in graphene field effect transistors IEEE Trans. Electron Devices 61 3001–3

[38] Alam A U, Holland K D, Wong M, Ahmed S, Kienle D and Vaidyanathan M 2015 RF
linearity performance potential of short-channel graphene field-effect transistors IEEE
Trans. Microwave Theory Tech. 63 3874–87

Recent Advances in Graphene and Graphene-Based Technologies

7-26

https://doi.org/10.1073/pnas.0704772104
https://doi.org/10.1038/nphys935
https://doi.org/10.1021/acsnano.7b03878
https://doi.org/10.1021/nn3005262
https://doi.org/10.1016/j.microrel.2021.114363
https://doi.org/10.1049/cds2.12059
https://doi.org/10.1049/cds2.12059
https://doi.org/10.1109/TED.2014.2326887
https://doi.org/10.1109/TMTT.2015.2496295


IOP Publishing

Recent Advances in Graphene and Graphene-Based

Technologies

Anoop Chandran, N V Unnikrishnan, M K Jayaraj, Reenu Elizabeth John and Justin George

Chapter 8

Applications of graphene in electronics:
graphene for energy storage applications

Dohun Kim, Jihyun Park, Subramani Surendran, Chang-Soo Park, Joon Young Kim,
Jung Kyu Kim and Uk Sim

This chapter reviews the use of graphene for electrochemical energy storage devices,
including metal-ion batteries, metal–air batteries, and supercapacitors. In recent
years, the demand for high-performance electrochemical energy storage applications
has significantly increased; hence, numerous studies have been performed to develop
advanced materials. In particular, graphene-based materials have drawn substantial
interest for energy storage devices due to their good chemical stability, high electrical
conductivity, and excellent physical properties. This chapter presents a comprehen-
sive literature review on the development of graphene-based materials for energy
storage systems and applications. Research trends and electrochemical perform-
ances of graphene-based materials in various electrochemical energy storage devices
are also summarized based on recently reported works.

8.1 Introduction
With the rapid improvement of renewable energy technologies, electrochemical
energy storage applications, including metal-ion batteries (MIBs), metal–sulfur
batteries, metal–air batteries, and supercapacitors, have been extensively investi-
gated in recent years [1–5]. Despite the numerous studies performed, obtaining
materials that reveal high energy density, high power density, and long lifespan still
remains a challenge [6, 7]. Although there have been many studies for electro-
chemical energy storage applications, they still hardly meet the demands of energy
density, power density, and lifespan [8–10]. Nanomaterials and nanostructure play a
key role in electrochemical energy storage applications [11, 12]. Physical and/or
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chemical interactions at the surface of these materials, such as specific surface area,
surface energy, and surface chemistry, are crucial to enhancing the performance of
energy storage applications [13–15].

Graphene is a two-dimensional (2D) mono-sheet material composed of carbon
atoms in a hexagonal structure. When used as an electrode, the hexagonal structure
reduces the volume change between the charge and discharge reactions and increases
the electrode’s electrical conductivity [16–18]. The unique structure of graphene
provides abundant electrochemical active sites due to its large surface area, high
electrical conductivity to accelerate electron transport, and excellent chemical
stability under harsh conditions [19, 20]. In this chapter, we focus on the latest
developments of graphene-based materials for electrochemical energy storage
devices.

8.2 Properties of graphene
Graphene, owing to its unique chemical structure and geometry, exhibits excellent
properties: high flexibility, high transparency (97.7%), excellent electrical and
thermal conductivity, rapid charge mobility (2 × 105 cm2 V−1 s−1), large specific
surface area (2630 m2 g−1), high specific capacity (744 mAh g−1), high surface-to-
volume ratio, high Young’s modulus (1.1 TPa), and good biocompatibility [21, 22].
As such, graphene is used as the building block for various graphene-based materials
such as zero-dimensional (0D) fullerenes (C60), one-dimensional (1D) carbon
nanotubes (CNTs), and three-dimensional (3D) graphite, as shown in figure 8.1
[23–28]. Graphene oxide (GO), reduced graphene oxide (rGO), and graphene
aerogel have been considered potential candidates for various energy conversion
and storage applications due to their impressive properties [29–31].

8.2.1 Physical properties

In the graphene honeycomb structure, a monolayer of carbon atoms is held together
by a backbone of overlapping sp2 hybridization bonds. The sp2 hybridization bond
of carbon consists of one pi (π) bond vertical to the planes and three strong sigma (σ)
in-plane bonds. The unique properties of graphene originate from the 2p orbitals,
which form delocalized π-bands on the carbon sheet [32]. Also, graphene reveals a
high tensile strength (130 GPa), Young’s modulus (1.1 TPa), and thermal con-
ductivity (5300 W m−1 K−1), it is highly suitable for use in electrochemical energy
storage applications, including graphene-based supercapacitors with high theoretical
capacity (550 F g−1) and Li-ion batteries with high energy and power output [33, 34].

8.2.2 Electrical properties

Graphene is a semiconductor with high charge mobility and conductivity. Due to
the distinct arrangement of the Fermi energy level and the Dirac-like spectrum of
graphene, the band overlap of graphene at 1.6 meV makes it a semimetal material
containing a single type of exciton [35, 36]. In a normal carbon atom, two and four
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electrons are located in the inner and outer shell of the atom, respectively, where the
four electrons in the outer shell can chemically bond with other carbon atoms. On
the other hand, in the graphene carbon atom, only three electrons in the outer shell
participate in chemical bonding. The remaining electron does not participate in
chemical bonding and is freely available in the 3D area, increasing the electrical
conductivity of graphene. Because these highly mobile electrons, known as
π electrons, are located above and below the graphene sheet, the electrical properties
of graphene can be evaluated through the bonding and antibonding of π orbitals
[37–39]. Based on previous reports, the experimental and theoretical values of charge
mobility of graphene were recorded as 1.5 × 104 cm2 V−1 s−1 and 2 × 105 cm2 V−1 s−1,
respectively.Besides, graphenehas a low sheet resistance (30Ω sq−1 cm−2) owing to the
high charge mobility [40, 41].

Figure 8.1. (a) Graphene-based materials: 0D fullerene, 1D CNT, 2D graphene, and 3D graphite. Reproduced
from [23] under the terms of the Creative Commons Attribution 4.0 International, Copyright 2017, MDPI.
(b) Development of graphene-based materials for various applications. (i) Reproduced from [24], John Wiley
& Sons, Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim; (ii) Reproduced from [25],
Copyright 2015, Royal Society of Chemistry; (iii) Reproduced from [26], Copyright 2017, American Chemical
Society; (iv) Reproduced from [27], Copyright 2022, with permission from Elsevier; (v) Reproduced from [28],
Copyright 2023, with permission from Elsevier.
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8.2.3 Chemical properties

Each graphene carbon atom is connected by three σ in-plane bonds and one π
orbital, making possible additional interactions with other molecules. The π–π
stacking structure in graphene allows graphene surfaces to react easily with other
molecules. Chemical functionalization of the surface further enhances chemical
reactions [42–44]. For example, the oxygen functionalization of graphene to form a
graphene oxide (GO) enhances its reaction with water, polymer, and organic
solvents. Because surface-functionalized graphene allows the control of chemical
reaction activities, it is identified as a potential candidate material for various
electrochemical energy storage applications [45, 46].

8.3 Graphene in metal-ion batteries
Electrochemical MIBs are the most favorable energy storage applications due to
their good flexibility, high energy density, and simple maintenance, allowing efficient
electricity storage [47]. Energy and power density, cycle stability, rate capability,
safety, and production cost are the main parameters in evaluating the performance
of MIBs. Therefore graphene is a promising material for high-performance MIBs
due to its excellent carrier mobility, large specific surface area, and flexible structural
change. This section focuses on the properties of MIBs using graphene and its
derivatives [48, 49].

8.3.1 Lithium-ion batteries

Lithium-ion batteries (LIBs), first marketed by Sony in 1991, are currently one of the
most conventional types of batteries in the world. The technologies of rechargeable
LIBs are continuously being improved due to the increasing demand for batteries
with high energy density and outstanding rate capability [50]. The various cathode
materials for LIBs can be categorized into layered cathode materials such as LiCoO2

(LCO), LiNiO2 (LNO), LiMnO2, LiNi1/3Co1/3Mn1/3O2 (NCM); spinel cathode
materials such as LiMn2O4 (LMO); and olivine cathode materials such as
LiFePO4 (LFP), have been widely commercialized [51–54]. On the other hand,
intercalation materials such as graphite and lithium titanate oxide (Li4Ti5O12, LTO)
are commonly used as anode materials. Graphite is commercially cast-off as the
anode material for LIBs due to its high coulombic efficiency and cyclability.
However, conventional intercalation-type graphite exhibits a low storage capacity
of lithium ions, with a theoretical specific capacity lower than 372 mAh g−1, leading
to the formation of intercalation compounds like LiC6 [55, 56].

To solve this problem, the use of graphene and its derivatives as both the anode
and cathode in LIBs has been thoroughly investigated. The theoretical specific
capacity of graphene at 744 mAh g−1 is approximately twice that of graphite
[57–59]. The high theoretical capacity of graphene materials is attributed to the
intercalation and adsorption of lithium on each side of graphene. When adsorbed on
both edges of the graphene sheet, lithium ions are arranged like a ‘house of cards’
owing to the formation of the intercalation compound Li2C6 [60, 61].
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Excellent cyclability and rate capability have been demonstrated when using
graphene as the anode in LIBs. Hu et al [62] investigated the performance of LIBs in
two different potential windows of 0.01–3.0 V and 0.01–1.5 V under the same
conditions. In the expanded potential window of 0.01–3.0 V, N-doped graphene
demonstrated improved cyclability and rate capability. Wang et al [63] have
demonstrated the excellent storage capacity of porous graphene. Figure 8.2(a)
shows reversible capacities of 560 mAh g−1 at a current density of 5 A g−1 and
220 mAh g−1 at an ultrahigh current density of 80 A g−1. The excellent cell cyclability
of up to 3000 cycles at a current density of 5 A g−1 is shown in figure 8.2(b).

Figure 8.2. (a) Rate capability at current densities of 0.5–80 A g−1 and (b) cycling stability at a current density
of 5 A g−1 over 3000 cycles for porous graphene. Reproduced with permission from [63], Copyright 2013,
American Chemical Society; (c) galvanostatic charge discharge (GCD) curve at a current density of 0.2 A g−1

and (d) cycling performance at a current density of 2 A g−1 over 1000 cycles for Sn@G. Reproduced with
permission from [68], Copyright 2013, American Chemical Society; (e) schematic and (f) GCD curve of
graphene//LFP full cell. Reproduced with permission from [69], Copyright 2014, American Chemical Society.
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Other anode materials include alloying-type materials, such as Si, Sn, and Ge and
conversion-type materials, such as transition metal oxides. Although the alloying-
type anode materials are desirable due to their superior specific capacity, they cause
large volume expansion and electrode aggregation during cell operation, degrading
the cyclability of LIBs [64]. Graphene, which forms a composite with alloying-type
materials, can disrupt the aggregation of the electrode and provide high electric
conductivity and mechanical strength for LIBs [65, 66]. Liang et al [67] fabricated
binder-free self-supporting C@Si@graphene (C@Si@G) composite for flexible
LIBs. The C@Si@G composite showcased an excellent reversible capacity of 1070
mAh g−1 at 0.2 A g−1 after 300 cycles. The rate capabilities of C@Si@G were
recorded as 1734, 1680, 1611, 1519, 1330, 1055, and 597 mAh g−1 at current
densities of 0.05, 0.1, 0.2, 0.5, 1, 2 and 5 A g−1, respectively. Qin et al [68] synthesized
3D Sn@graphene (Sn@G), which demonstrated long-term cyclability at a high
current density of 2 A g−1, as shown in figure 8.2(d). The synthesized composite also
possessed a high specific capacity of 682 mAh g−1 and a high capacity retention of
96.3% after 1000 cycles.

Hassoun et al [69] peeled off graphite through wet-chemical dispersion.
Figures 8.2(e) and (f) show a full LIB, in which the graphene anode was coupled
with a commercial LFP cathode at a potential window of 0.9–3.9 V. When operated
at approximately 2.3 V, the cell showed a reversible capacity of 165 mAh g−1. The
electrochemical performances of graphene-based materials for LIBs are summarized
in table 8.1.

8.3.2 Sodium-ion batteries

As the price of lithium continues to rise due to the limited lithium sources relative to the
growing demand for LIBs, sodium-ion batteries (SIBs) have received substantial interest
as an ideal substitute for LIBs [80, 81]. Sodium has chemical properties similar to those
of lithium but is available at a much lower price, making it an easy replacement for LIBs
[82, 83]. However, sodium ions have a larger ionic radius (0.97 Å) and higher standard
electrode potential (−2.71 V versus SHE) compared to lithium ions. Figure 8.3(a) depicts
the cell configuration of SIB system with graphene and its derivatives [84]. Several
outstanding anode materials for LIBs are unsuitable in SIBs [85, 86]. For instance,
commercial graphite cannot fully store sodiumionsdue to thenarrow interlayerdistances.
Therefore, graphene would be a good substitute for graphite anodes in SIBs, as shown in
figure 8.3(b) [87]. Xu et al [88] designed an N-doped graphene foam to enhance the
performance of SIBs. The N-doped graphene foam anode showed a capacity of 1057.1
mAh g−1 at a current density of 0.1 A g−1, which was higher than that of bare N-doped
graphene. The N-doped graphene foam also demonstrated good cyclability of 0.5 A g−1

with a capacity retention of 69.7%. Yan et al [89] proved the enhanced cyclability of
porous carbon/graphene composite at a current density of 1 A g−1, where a specific
capacity of 250mAh g−1 was retained over 1000 cycles. Yan et al [90] developed an rGO/
CNT sponge with excellent rate capability for high-performance SIBs. The rGO/CNT
sponge exhibited excellent specific capacities of 217 mAh g−1 at a high current density of
10 A g−1 and 138 mAh g−1 after 10 000 cycles, as shown in figure 8.3(c).
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Whenusingalloying-typematerials for SIBs, similar problems to those encountered in
LIBs were observed. Therefore, graphene-based materials for SIBs are continuously
being researched to solve these problems [91, 92]. For example, the sandwich-like SnS2/
graphene/SnS2 composites preparedby Jiang et al [93] to prevent large volume expansion
in SIBs achieved a reversible capacity of 1295 mAh g−1 at 0.1 A g−1. At a high current
density of 10 A g−1, the specific capacity remained at 765 mAh g−1. Zhang et al [76]
prepared small-sizedNi3S2 nanoparticles deposited onGOusing the typical one-potwet-
chemical method. As shown in figure 8.3(d), the Ni3S2/GO composite demonstrated
capacities of 274, 243, 236, 207.4, 184.2, 144.2, and 115.2 mAh g−1 at 0.05, 0.1, 0.2, 0.5,
1.0, 2.0, and 5.0 A g−1, respectively. When the current density returned to 0.05 A g−1,
Ni3S2/GO demonstrated a high-capacity recovery to 250 mAh g−1 with a capacity
retention of more than 86%.Ni3S2/GO also delivered good cyclability with a capacity of
76.3 mAh g−1 over 500 cycles at 5 A g−1, as shown in figure 8.3(e). The electrochemical
performances of graphene-based materials for SIBs are summarized in table 8.2.

Figure 8.3. (a) Cell configuration of SIB system with graphene and its derivatives. Reproduced with
permission from [84], Copyright 2013, American Chemical Society, (b) Li+ and Na+ ion intercalation process
in graphite and graphene. Reproduced from [87], copyright 2014, with permission of Springer Nature,
(c) cycling performance of rGO/CNT sponge at a current density of 10 A g−1 over 10 000 cycles. Reproduced
with permission from [90], Copyright 2016, American Chemical Society; (d) rate performance at current
densities of 0.05–5 A g−1 and (e) cycling performance at a current density of 1 A g−1 over 500 cycles for Ni3S2/
GO. Reproduced with permission from [77], Copyright 2020, American Chemical Society.

Recent Advances in Graphene and Graphene-Based Technologies

8-8



T
ab
le

8.
2.

E
le
ct
ro
ch
em

ic
al

pe
rf
or
m
an

ce
s
of

gr
ap

he
ne
-b
as
ed

m
at
er
ia
ls
fo
r
SI
B
s.

M
at
er
ia
ls

C
yc
la
bi
lit
y
(m

A
h
g−

1 )
R
at
e
ca
pa

bi
lit
y
(m

A
h
g−

1 )
V
ol
ta
ge

(V
)

E
le
ct
ro
de

R
ef
er
en
ce

N
-d
op

ed
gr
ap

he
ne

fo
am

60
5.
6
at

0.
5
A

g−
1
af
te
r
15

0
cy
cl
es

10
57

.1
at

0.
1
A

g−
1 ;
13

7.
7
at

5
A

g−
1

0.
02

–
3.
0

A
no

de
[8
9]

S-
do

pe
d
gr
ap

he
ne

15
0
at

1
A

g−
1
af
te
r
20

0
cy
cl
es
;

13
3
at

2
A

g−
1
af
te
r
10

0
cy
cl
es

26
2
at

0.
1
A

g−
1 ;
83

at
5
A

g−
1

0.
00

1–
3.
0

A
no

de
[9
5]

P
-d
op

ed
gr
ap

he
ne

37
4
at

0.
02

5
A

g−
1
af
te
r
12

0
cy
cl
es

37
4
at

0.
02

5
A

g−
1 ;
21

0
at

0.
5
A

g−
1

—
A
no

de
[9
6]

P
or
ou

s
ca
rb
on

/g
ra
ph

en
e

25
0
at

1
A

g−
1
af
te
r
10

00
cy
cl
es

—
0.
01

–
2.
7

A
no

de
[9
0]

rG
O
/C
N
T

49
.2

at
0.
2
A

g−
1
af
te
r
30

0
cy
cl
es

16
6.
8
at

0.
05

A
g−

1 ;
9
at

5
A

g−
1

0.
00

1–
3.
0

A
no

de
[9
7]

rG
O
/C
N
T
sp
on

ge
13

8
at

10
A

g−
1
af
te
r
10

00
0

cy
cl
es

44
0
at

0.
05

A
g−

1 ;
21

7
at

10
A

g−
1

0.
00

5–
3.
0

A
no

de
[9
1]

N
iT
iO

3–
G
O

co
m
po

si
te

29
0
at

0.
1
A

g−
1
af
te
r
10

0
cy
cl
es

36
6
at

0.
1
A

g−
1 ;
60

at
1.
6
A

g−
1

0.
01

–
3.
0

A
no

de
[7
7]

Sn
O

2–
C
oO

–
gr
ap

he
ne

co
m
po

si
te

30
2.
8
at

0.
1
A

g−
1
af
te
r
20

0
cy
cl
es

37
7.
8
at

0.
1
A

g−
1 ;
22

8.
0
at

2
A

g−
1

0.
01

–
3.
0

A
no

de
[7
1]

Sn
O

2@
gr
ap

he
ne

65
0
at

0.
2
A

g−
1
af
te
r
90

cy
cl
es

—
0.
00

5–
2.
0

A
no

de
[9
8]

Sn
S 2
/r
G
O
/S
nS

2
11

33
at

0.
1
A

g−
1
af
te
r
10

0
cy
cl
es

12
95

at
0.
1
A

g−
1 ;
76

5
at

10
A

g−
1

0.
01

–
3.
0

A
no

de
[9
4]

N
i 3
S 2
/G

O
93

.6
at

1
A

g−
1
af
te
r
50

0
cy
cl
es
;

76
.3

at
5
A

g−
1
af
te
r
50

0
cy
cl
es

27
4
at

0.
05

A
g−

1 ;
11

5.
2
at

5
A

g−
1

0.
01

–
3.
0

A
no

de
[7
6]

Z
nS

/g
ra
ph

en
e

49
1
at

0.
1
A

g−
1
af
te
r
10

0
cy
cl
es

57
5
at

0.
1
A

g−
1 ;
31

7
at

1
A

g-
1

0.
01

–
3.
0

A
no

de
[7
5]

Recent Advances in Graphene and Graphene-Based Technologies

8-9



8.4 Metal–air batteries
Recently, metal–air batteries have garnered significant attention due to their high
specific energy density, low volume and weight, and safety. Metal–air batteries,
including zinc– and lithium–air batteries that have a higher theoretical energy
storage density than LIBs, are promising alternatives to metal-ion batteries [98–100].
Electrochemical oxidation and reduction reactions of oxygen are crucial parameters
that determine the performance of metal–air batteries. Therefore, the advancement
of bifunctional electrocatalysts for the oxygen evolution reaction (OER) and oxygen
reduction reaction (ORR) is important for fabricating efficient rechargeable metal–
air batteries [101, 102].

8.4.1 Lithium–air batteries

In lithium–air batteries, the overall electrochemical reaction could be expressed as 2
Li+ + O2 +2e− ↔ Li2O3, in which the ORR of discharge occurs in the forward
direction, whereas the OER of charge occurs in the reverse direction [103, 104].
However, the low rates of OER and ORR have led to problems of low round-trip
efficiency (53%–70%), low charge/discharge rate (0.1–1 mA cm−2), short cycle life
(10–100 cycles), and electrolyte instability [105–107]. Because carbon-based materi-
als have low weight, large surface area, high electrical conductivity, and excellent
chemical stability, various approaches have been reported of enhancing the perform-
ance of Li–air batteries using carbon-based materials, such as nitrogen-doped
carbon, bimetal nanoparticles loaded on carbon, and modified graphene catalysts
[108–110].

Lin et al [111] fabricated an ultrahigh-capacity Li–air battery using dry-pressed
holey graphene (hG) as the cathode. The electrode was easily prepared under
solvent- and binder-free conditions via the compression-molding method, as shown
in figure 8.4(a). The presence of in-plane holes in the prepared binder-free dry-
pressed hG allowed facile through-thickness mass transport. The discharge curve of
the dry-pressed hG cathode showed high stability during discharge, with an areal
mass loading (mA) of 5 mg cm−2 at an areal current density (IA) of 0.1 mA cm−2, as
shown in figure 8.4(b). The exceptional performance of the hG cathode was also
demonstrated by the 0.22 V discharge overpotential. Figures 8.4(c) and (d) suggest
that the specific gravity depends on the mass loading. The highest specific capacity
was exhibited by the hG cathode at IA of 0.2 mA cm−2 and mA of 5 mg cm−2. The
time of full discharge of the 10 mg cm−2 sample was 12% higher than that of the
5 mg cm−2 sample (figure 8.4(c) inset). Although the two samples with different
masses showed similar discharge curves until 150 h, the hG cathode of the 10 mg cm−2

sample was stable for 20 h longer than the hG cathode of the 5 mg cm−2 sample.
Metal catalysts can be combined with other catalysts via heteroatom-doping.

Heteroatom-doped carbon-based materials used on various electrodes have revealed
great catalytic performance in OERs and ORRs [112, 113]. Ionescu et al [114]
reported that utilizing nitrogen-doped CNTs on metallic foams as the cathode
improved the performance of Li–air batteries. The scanning electron microscopy
(SEM) image shown in figure 8.4(d) demonstrates the overall morphology of carpet-
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like deposits, including high-density aligned CNTs grown on Ni foam. The cathode
fabricated by pristine CNTs revealed a specific capacity of 3320 mAh g−1 and a
voltage plateau of 2.45 V, as shown in figure 8.4(e). When 2.2 and 4.0 at% nitrogen-
doped CNT electrodes were used, the specific capacity was increased to 3511 and
3934 mAh g−1, and the voltage plateau to 2.52 and 2.68 V, respectively, confirming
the enhancement of catalytic activity and performance of Li–air batteries with the
increase in nitrogen ratio. The cyclability of 4.0 at% N-CNTs was also measured to
evaluate the stability of Li–air batteries, as shown in figure 8.4(f). In the first cycle,
the specific capacity and voltage plateau were approximately 3542 mAh g−1 and 3.8 V,
respectively, with a coulombic efficiency of 90%. However, after 10 cycles, the
efficiency was significantly reduced to 32% due to the accumulation of solid and
non-conductive discharge product (Li2O2) in the interface between the electrolyte and
electrode, causing the poor overall cycle stability of Li–air batteries. Table 8.3
highlights the advancement of graphene-based cathodes for Li–air batteries.

8.4.2 Zinc–air batteries

Similar to Li–air batteries, zinc metal is the anode, and an air electrode is a cathode
in Zn–air batteries. The cathode is a combination of a catalyst layer and a gas
diffusion layer. The overall reaction of Zn–air batteries in alkaline conditions is
expressed as follows [126]:

Figure 8.4. (a) Scheme of hG powder to directly deposit hG on the cathode, (b) discharge curves at current
densities of 0.1, 0.2, and 0.5 mA cm−2 for hG cathode with mass loading of 5 mg cm−2, (c) discharge curves for
hG cathode with mass loadings of 2, 5, and 10 mg cm−2 at a current density of 0.2 mA cm−2. Reproduced with
permission from [111], Copyright 2017, American Chemical Society; (d) SEM image of CNTs deposited on Ni
foam, (e) discharge curves for cathodes coated by pristine and N-doped CNTs, (f) full discharge cycle
performance of 4.0 at% N-doped CNT electrodes. Reproduced with permission from [114], Copyright 2020,
American Chemical Society.
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During the discharge reaction, oxygen diffuses in the porous air cathode due to
the difference in oxygen pressure and the occurrence of ORR on the catalyst surface,
resulting in the production of hydroxyl ions (OH−) [127, 128]. This three-phase
point, which includes catalyst (solid), electrolyte (liquid), and oxygen (gas), becomes
an active site for gas-involving electrochemical reactions, such as nitrogen reduction
reaction (NRR), carbon dioxide reduction reaction (CO2RR), and ORR [129–132].
As such, OH− would react with Zn2+ to complete the overall cell reaction, producing
a working potential of 1.65 V. However, the practical working potential measured
was lower than the theoretical potential due to the combination of activation, ohmic,

Table 8.3. Electrochemical performances of graphene-based cathode for Li–air batteries.

Material

Electrode
preparation
method

Current density
(mA g−1)

Specific capacity
(mAh g−1) Reference

Graphene with mesoporous
carbon

Slurry 100 9000 [115]

Vacuum-promoted, thermal-
expanded graphene

Slurry 300 19 800 [116]

rGO Slurry 100 10 000 [117]
GNP/GO paper Vacuum filtration 200 6910 [118]
Graphene foam Hydrogel self-

assembly
100 3120 [119]

Porous graphene Hydrothermal self-
assembly

100 13 000 [120]

Porous graphene paper Vacuum filtration 200 10 176 [121]
Graphene aerogel Aerogel templated 200 21 507 [122]
3-Dimensional graphene gel Hydrothermal self-

assembly
50 2250 [123]

Vertically aligned carbon
nanosheet

Solution growth 75 1248 [124]

CVD graphene on Ni CVD 200 89 [125]
Holey graphene Dry compression 20 7667 [111]
Holey graphene Dry compression 40 6540 [111]
Holey graphene Dry compression 10 3737 [111]
Holey graphene Dry compression 20 3529 [111]
N-doped CNTs on
Ni foam

Spray pyrolysis
CVD

23.8 3934 [114]
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and concentration losses. Cathode instability during the charging reaction also
resulted in low ORR and OER efficiency [133, 134]. Owing to high catalytic
activities toward ORR and OER, graphene is considered a suitable material for Zn–
air batteries, and defect engineering strategies can be utilized to optimize the
catalytic activities of graphene-based materials [135–137].

Xu et al [138] fabricated an efficient bifunctional 2D N-doped CNTs/graphene
derived from metal–organic framework (MOF) catalysts for air cathodes in
rechargeable Zn–air batteries. Figure 8.5(a) shows the synthesis process of the 2D
CNTs/graphene, which involves annealing the precursor of zeolitic imidazolate
framework (ZIF)-67 on the GO layer. The cyclic voltammogram (CV) in
figure 8.5(b) shows the catalytic activity of 2D CNTs/graphene-4 compared to
commercial Pt/C, where the number 4 represents the repetition number of deposi-
tions of the sample. The peak potential of the 2D CNTs/graphene was 0.8 V versus
reversible hydrogen electrode (RHE), corresponding with the ORR peak. The linear
sweep voltammetry (LSV) curves show a more positive onset and half-wave
potentials of 0.92 and 0.85 versus RHE, respectively, for the 2D CNTs/graphene-
4. These results demonstrated that the 2D CNTs/graphene-4 sample exhibited the
highest catalytic activity toward ORR among the samples, including the commercial

Figure 8.5. (a) Preparation for 2D N-doped CNTs/graphene; (b) CV curves of 2D N-doped CNTs/graphene-4
and Pt/C under N2- and O2-saturated conditions in 0.1 M KOH electrolyte; (c) discharge curves of 2D N-
doped CNTs/graphene-4, Pt/C, and IrO2 measured at 5 and 10 mA cm−2; (d) discharge/charge cycling curves
at 1 mA cm−2. Reproduced with permission from [138], John Wiley & Sons, copyright 2019 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim; (e) ORR polarization curves for graphene, NG, Ni–NG, Cu–NG,
(Ni, Cu)–NG, and Pt/C in O2-saturated 0.1 M KOH electrolyte at a rotating speed of 1600 rpm with a scan
rate of 100 mV s−1; (f) free energy diagram of ORR; and (g) discharge curves of (Ni, Co)–NG- and Pt/C-based
Zn–air batteries at a current density of 100 mA cm−2. Reproduced with permission [141], Copyright 2009,
Royal Society of Chemistry.
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Pt/C catalyst. The OER performance of the 2D CNTs/graphene-4 was also similar
to that of the commercial IrO2 catalyst. From figure 8.5(c), the Zn–air battery with
2D CNTs/graphene-4 showcased a higher capacity than the Pt/C- and IrO2-based
Zn–air batteries at various current densities. Besides the excellent performance even
after a long time, the charge/discharge cycle ability of the 2D CNTs/graphene-4-
based Zn–air battery was also more stable than that of the Pt/C- and IrO2-based
batteries, as shown in figure 8.5(d).

Because graphene-based materials show increased catalytic activities toward
OER and ORR after heteroatom-doping with metal catalysts, numerous studies
have been conducted on various catalysts to enhance OER and ORR activities [5,
139, 140]. Cheng et al [141] reported the synthesis of N-doped nanoporous graphene
(NG) with atomically dispersed Cu and Ni, (Ni, Cu)–NG, prepared via CVD and
high-temperature gas transportation. Figure 8.5(e) shows the ORR electrocatalytic
performance of (Ni, Cu)–NG compared to the commercial Pt/C catalyst. Graphene
and NG exhibited poor ORR performance, whereas Cu–NG and (Ni, Cu)–NG
revealed excellent electrocatalytic activities toward ORR, suggesting that the
combination of single-atom transition metals with graphene could boost ORR
activities. Density functional theory (DFT) calculations were conducted to evaluate
the intrinsic properties of the ORR activity of (Ni, Cu)–NG and to discover the
active sites. Synergistic effects were observed in Cu–N2–C2 and Ni–N3 sites based on
the Gibbs free energy diagrams and calculated onset potentials shown in
figure 8.5(f). In the Cu–N2–C2 site, the presence of Ni–N3 reduced the energy
required to drive the rate-determining step. The discharge curves of (Ni, Cu)–NG-
based Zn–air battery showed a specific capacity of 677 mAh g−1 at 100 mA cm−2, as
shown in figure 8.5(g). The (Ni, Cu)–NG-based Zn–air battery revealed similar
performances to the Pt/C-based battery due to the high electrocatalytic properties of
the (Ni, Cu)–NG catalyst. The (Ni, Cu)–NG-based Zn–air battery also demon-
strated higher stability and rechargeability than the Pt/C- and IrO2-based batteries.
Table 8.4 summarizes the advancement of graphene-based cathodes for Zn–air
batteries.

8.5 Supercapacitors
Supercapacitors (SCs) are emerging as excellent energy storage systems owing to
their high power density compared to conventional MIBs, fast charging time (within
seconds), low self-discharge rate, and 100 times longer lifespan than conventional
batteries. Currently, SCs have several applications, such as electric vehicles, trucks,
and portable electronics [149–152]. In an SC, a stable electric double layer (EDL) is
formed between the electrolyte and the electrode to store electrical energy through
ion adsorption at the electrode interface of an EDL. Electrical energy is also stored
through electron transfer between the electrode and the electrolyte as a consequence
of a Faradic reaction [153, 154]. Therefore, the functional electrode material used in
SCs should possess a large specific surface area with appropriate pore sizes, high
density for good stability, and high electrical conductivity. Activated carbon, carbon
aerogel, porous carbon and carbon nanotubes are commonly used as electrode
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materials in SCs. Among them, graphene, with 2D nanostructures, is highly
suitable due to its large specific surface area and high stability [155, 156].

Figure 8.6(a) shows the main features of a graphene electrode in an SC. The in-
plane 2D design provides active sites which enhance the interaction between the ions
present in the electrolyte with all carbon layers. The intrinsic electrochemical
properties of graphene edges along with the basal plane of graphene in the in-plane
2D design also maximize the usable electrochemical surface area, allowing graphene
to be used in extremely small devices [156, 157].

Chen et al [158] prepared N-doped interpenetrating porous carbon/graphene
networks for SCs (figure 8.6(b)). The prepared carbon-based electrodes showed long
cycle stability at an ultrahigh current density of 20 A g−1, with approximately 92.3%
high-capacity retention. The N-doped porous carbon/graphene networks also
achieved energy densities of 27.6 and 11.7 Wh kg−1 at power densities of 600 and
12 000 W kg−1, respectively.

Chen et al [159] developed an N, F co-doped holey graphene for high-perform-
ance SCs. As shown in the SEM image of the N, F co-doped holey graphene shown
in figure 8.6(c), an interconnection of pores ranging from hundreds of nanometers to
several micrometers in diameter was observed. This symmetrical SC demonstrated
great cyclability with a capacity retention of 87.8% after 10 000 cycles at a current
density of 2 A g−1, as shown in figure 8.6(d). Khandelwal et al [160] prepared an N,
B co-doped graphene, which demonstrated excellent rate capability at current
densities ranging from 0.05 to 1 mA cm−2, and high cycle stability after 10 000
cycles with a capacity retention of 87.6%. From their study, multi-heteroatom-

Table 8.4. Electrochemical performances of graphene-based materials for Zn–air batteries.

Material Electrode preparation method

Current
density
(mA g−1)

Specific
capacity
(mAh g−1) Reference

2D N-doped CNTs/graphene Annealing process of ZIF-67 166 801 [138]
(Ni, Cu)-NG CVD and high temperature

gas transportation
250 677 [141]

NiCo2S4@g-C3N4-CNT Two-step hydrothermal and
vacuum filtration

80 493 [142]

3DOM-Co@TiOxNy Thermal treating 95 697 [143]
DN-CP@G In situ exfoliating graphene from

carbon paper and high
temperature NH3 treatment

100 591 [144]

CoIn2S4/S-rGO In situ solvothermal
growth process

80 745 [145]

CuCo2O4/N-CNTs Electrostatic attraction 48 817 [146]
CoNi/BCF Hydrothermal 80 711 [147]
CoP@mNSP-C In situ incorporation 80 — [148]
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doping into graphene-based materials was proven to be more useful in enhancing SC
performance compared to monoatomic doping. Double doping of the graphene
lattice creates more defects and favorable electron structures, improving the overall
electrode performance. The various graphene-based materials used for SCs are
reviewed in table 8.5.

8.6 Conclusions
This chapter introduces graphene and graphene-based materials as potential
candidate materials for electrochemical energy storage devices such as metal-ion
batteries, metal–air batteries, and supercapacitors. Various studies have suggested
using graphene to improve electrochemical energy storage performance. In LIBs,
N-doped graphene or GO complexes are used as anodes: in SIBs, N-, S-, or P-doped

Figure 8.6. (a) Working mechanism of graphene as electrodes in SCs. Reproduced with permission from [156],
Copyright 2011, American Chemical Society;, (b) schematic of synthesis process for N-doped interpenetrating
porous carbon/graphene networks. Reproduced with permission from [158], Copyright 2021, Elseiver; (c) SEM
image and (d) cyclability after 10 000 cycles at a current density of 2 A g−1 for N, F co-doped holey graphene.
Reproduced with permission from [159], Copyright 2016, Royal Society of Chemistry.
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graphene; rGO/CNT complexes; and metal oxide/graphene complexes are used as
anodes. In metal–air batteries, porous graphene and holey graphene-based materials
with a large surface area are used as cathodes for efficient OER and ORR reactions.
In SCs, multi-heteroatom-doped graphene, 2D graphene, and rGO aerogel are used
as electrodes to enhance specific capacity and lifespan. The unique properties of
graphene, such as high accessibility, large surface area, high charge mobility, and
chemical stability, graphene make it an attractive material for energy storage
applications.
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Photonic and optoelectronic applications of
graphene: nonlinear optical properties of

graphene and its applications
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Implementation of any material for the successful fabrication of optoelectronic devices
warrants the precise knowledge of their nonlinear optical properties including the
nonlinear optical absorption/refraction coefficients, carrier dynamics, etc. The magni-
tude and sign of such parameters are the decisive factor for specific device applications
such as optical limiters, saturable absorbers, mode lockers, etc. For such applications,
graphene-based nanomaterials have engendered immense scientific research interest,
owing to their various fascinating and unique nonlinear optical properties which can be
further tailored by integrating them with several other materials, and hence add
another dimension to their utility. Accordingly, the present chapter provides a
comprehensive overview of the nonlinear optical properties of various graphene-based
nanomaterials including metals decorated graphene-based nanomaterials, dispersion of
graphene-based nanomaterials in various solvents, thin films of graphene-based nano-
materials, 2D materials/graphene-based nanomaterials and semiconductor/graphene-
based nanomaterials. Outcomes based on the nonlinear optical properties from recent
studies were compiled and are discussed in detail.

9.1 Introduction
Invention of intense laser light sources and the possibility of strong light–matter
interactions give birth to a new branch of optics termed as nonlinear optics. Nonlinear
optics is the optics of intense light which examines the behavior of light in the nonlinear
media that enables the realizationof newphenomena in all aspects of photonics including
absorption, transmission, photon generation and manipulation, imaging and detection.
Material scientists are in search of excellent materials that can exhibit excellent optical
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nonlinearity so that they can be utilized in making various optoelectronic devices
including optical limiters, optical switches, saturable absorbers, mode lockers, etc.
Under such class of materials, novel two-dimensional (2D) graphene (G)-based nano-
materials have proven themselves as a potential candidate material and since their
discovery in 2004, thismaterial has been immensely explored for several of its fascinating
properties including the nonlinear optical (NLO) properties [1]. Its inimitable electronic
band structurewith the presence of delocalized π-electrons andultrafast carrier dynamics
have led to stupendous linear as well as NLO properties. Also, the linear dispersion of
massless Dirac fermions entails nearly unvarying absorption over the entire optical
spectrum signifying its resonant temperament for any optical excitation wavelength.

Utilization of graphene-based nanomaterial for the fabrication of optoelectronic
devices (optical limiters, saturable absorbers or optical switches etc) warrants the
precise knowledge of their NLO parameters including nonlinear absorption (NLA)
coefficient and nonlinear refractive (NLR) index. So far, several experimental
techniques have been employed for the determination of NLO properties including
self-phase modulation [2], second/third harmonic generation [3], four-wave mixing
[4], z-scan technique [5, 6] etc. Among all these, z-scan technique, based on the
principles of spatial beam distortion is the simplest and most sensitive technique to
determine the magnitude and sign of the NLO parameters [7–10]. Herein, the sample
is translated in the positive and negative z-direction with respect to the focal point of
the tight focusing lens along the axis of the focused Gaussian laser beam. While the
input energy is kept constant, the sample experiences different incident field at
different z-positions. This experiment can be performed in two geometries: open
aperture (OA) z-scan geometry utilized to determine the intensity dependent NLA
coefficient and closed aperture (CA) z-scan geometry to determine the NLR index.

Figure 9.1 schematically illustrates the z-scan experimental setup in both the geo-
metries where a collimated laser beam from the source L is tightly focused on the sample

Figure 9.1. Schematic illustration of z-scan techniques in OA (a) and CA (b) geometries.
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using a tight focusing convex lens L3 after passing through a beam expander BE
(combination of lens L1 and L2) and the sample S is mounted on a translation stage
translatingalong the z-axiswith respect to the focal pointof lensL3.Transmitted beam is
then collected by a detectorD. ForOAexperiment (figure 9.1(a)), another large aperture
convex lens (L4) is used to collectwhole of the transmitted light to the detectorDwhich is
placedat the focalplaneof lensL4while forCAexperiment (figure9.1(b), anapertureAis
placed in front of the detector to allow only the on-axis beam to enter the detector.

It is worth mentioning here either individual saturation absorption (SA), reverse
saturation absorption (RSA) or a combination of these two effects is responsible for
the absorptive optical nonlinearity within the material. In the first case where the
nonlinear transmission was described by purely considering individual SA or RSA
processes, the sign of the NLA coefficient (β) can be numerically obtained by solving
the wave propagation equation of the form [9];

dI

dz
I I (9.1)o

2α β= +′

where αo, z′ and I are the unsaturated linear absorption coefficient, propagation
distance within the material and laser intensity, respectively. In such situation, the
total absorption coefficient (α(I)) and transmittance as a function of transverse
distance (T(z)) can be expressed as [9];

I I( ) (9.2)oα α β= +
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Here, qo = βIoLeff, with Io and Leff being the maximum intensity at the focal point
(z = 0) and linear absorption compensated length, respectively, and zR is the
Rayleigh range. From equation (9.3), it can be clearly observed that the trans-
mittance from the material can either increase or decrease with increasing light
intensity depending upon the sign of β and, consequently, the practical application
of the material. Positive (negative) absorptive optical nonlinearity implies decreases
(increases) in transmittance with increasing laser light intensity and this phenom-
enon is known as RSA (SA). Both positive and negative optical absorptive nature
has practical applications in optical limiters to provide safety to detectors, sensors,
human eye etc and amplifiers, saturable absorbers used in Q-switching and mode
locking, respectively. Optical limiters (saturable absorbers) are the smart materials
that are transparent (opaque) for low intensities and become opaque (transparent)
for high intensities and thus provide safety to detectors, sensors, human eye, etc and
are based on positive (negative) absorptive optical nonlinearity. On the other hand,
optical switches require the knowledge of NLO refraction.

Contrary to individual SA or RSA effect, it is generally observed that the
transmittance signal obtained from graphene-like materials exhibits both SA and
RSA behavior and under such a case, T(z) can be numerically obtained by solving
the following wave propagation equation [10] given by;
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here Is is the saturation intensity which characterizes the saturation behavior and α
(I) will be given by,
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Consequently, T(z) after considering both RSA and SA processes can be approxi-
mated as [10];
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The above equation takes care of the combined effect of SA and RSA.
Refractive optical nonlinearity arises as a result of modification in the electron

distribution upon irradiating the sample with an intense laser light beam and
consequently, the total refractive index is a function of intensity and can be
expressed as [9];

n I n n I( ) (9.7)o 2= +

where no and n2 represents linear and NLR index, respectively. It should be noted
here that because of the Gaussian beam profile of laser beam, there will be higher
intensity at the center of the beam spot and hence the refractive index of the material
can never be considered as constant over the beam cross-section. The central part of
the beam can either propagate slower or faster depending upon the sign of the n2,
which is the intrinsic property of the material. Consequently, the sample acts as a
lens possessing ‘variable focal length’ giving rise self-focusing and self-defocusing
phenomenon and just by visualization of T(z) signals, one can predict the sign of the
NLR index. The appearance of pre-focal peak (valley) followed by a post-focal
valley (peak) feature in T(z) curve obtained in CA assembly signalizes the negative
(positive) sign of NLR index. In case of positive NLR index, the sample behaves as a
convex lens (converging lens) exhibiting positive focal length that converges the
beam leading to self-focusing effect. Thus there is larger refractive index at the center
of beam than its periphery. Contrary to this, in the case of negative refraction, self-
defocusing effect, the sample behaves as a concave lens having negative focal length
(diverging lens) and the beam passing through the sample tends to spread out. Thus
there is larger refractive index at the periphery than its center and the refractive
index is negative.

NLO response of graphene-based nanomaterials is one of the decisive factors for
its utilization for specific optoelectronic device. Additionally, their optical non-
linearity can be further enhanced by coupling them with several other materials
including several metals decorated graphene-based nanomaterials, graphene-based
nanomaterials dispersed in various solvents, thin films of graphene-based nano-
materials, organic glasses made up of other 2D materials (MoS2, MoSe2, etc) and
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graphene-based nanomaterials, or semiconductor/graphene-based nanomaterials
heterostructures. In view of this, the present chapter provides a comprehensive
overview of the NLO responses and possible applications of several graphene-based
nanomaterials. However, it is unfeasible to cover all the aspects of optical non-
linearity of graphene-based nanomaterial in a single chapter; efforts are being made
to discuss few of them along with the outcomes of the recent studies.

9.2 Nonlinear optical properties of graphene-based materials
Graphene (G)-based nanomaterials exhibit excellent optical nonlinearity owing to
the linear dispersion of massless Dirac fermions and have been extensively employed
for the fabrication of outstanding optoelectronic devices. Such nanomaterials
include: (i) graphene-based nanomaterials decorated with metals; (ii) graphene-
based nanomaterials dispersed in various solvents; (iii) thin films of graphene-based
nanomaterials grown on various substrates; (iv) 2D materials/graphene-based
nanomaterials; and (v) semiconductor/graphene-based nanomaterials. Detailed
discussion of all these graphene-based nanomaterials is provided below.

9.2.1 Metals/graphene-based nanomaterials

Several metals such as gold (Au), silver (Ag), platinum (Pt), Pd, Ni, etc are being
employed so far for decorating graphene-based nanomaterials and can enhance the
NLO responses of these materials and hence their utility. Yue et al [11] have
reported an encouraging optical nonlinearity in Ag decorated graphene oxide (GO)
nanoparticles (NPs) (AgNPs/GO) which were prepared by femtosecond (fs) laser
ablation process. Optical nonlinearity has been investigated using z-scan technique
employing fs laser source. Saturation intensity of 18.5 MW cm−2 and enhanced
nonlinear refractivity (1.1 × 10−12 m2 W−1) was obtained for AgNPs/GO. This
enhancement as compared to reduced graphene oxide (rGO) was attributed to the
interaction of energy states of AgNPs. Enhancement in thermal nonlinearity of
functionalized graphene by Au nanorods (NRs) has also been examined by
Abdulaal et al [12] using continuous wave (CW) argon laser (λ = 514 nm). A
negative NLO refractivity was found, suggesting the existence of self-defocusing
effect.

Sadrolhesseini et al [13] have examined the NLO properties, particularly non-
linear refraction of GO, with different concentration and AuNPs decorated GO
(AuNPs/GO) nanocomposites. AuNPs/GO nanocomposites were prepared using
laser ablation technique with varying ablation time. The complete setup of laser
ablation process is depicted in figure 9.2(a) where second harmonic of Q-switched
Nd:YAG laser (λ: 532 nm; energy: 1200 mJ; pulse duration: 10 ns; repetition rate:
40 Hz) is employed to ablate the Au plate dipped in 10 ml GO solution for different
ablation times varying from 10 min to 40 min, resulting in the formation of AuNPs/
GO nanocomposites. Figure 9.2 shows the GO sheets before (figure 9.2(b)) and after
(figure 9.2(c)) the laser ablation of Au plate. The particle shapes of the AuNPs ablated
at 10, 20, 30 and 40 min have also been analyzed and the corresponding transmission
electron microscope (TEM) micrographs are shown in figures 9.2(d)–(g), respectively.
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A decrease in the particle size has been observed from 16.55 nm to 5.18 nm with
increase in ablation times.

NLO properties of GO and AuNPs/GO nanocomposites have been investigated
using a diode laser (180 mW) having a wavelength of 532 nm. Figures 9.3(a)–(d)
show the z-scan experimental results for different concentrations of GO (0.1–0.8 mg
ml−1), where a peak-valley has been found, suggesting the existence of self-
defocusing effect and hence negative NLR index. Furthermore, magnitude of
nonlinear refraction is also found to increase with increase in concentration. The
z-scan transmittance signal for AuNPs/GO nanocomposites prepared at different
ablation times has also been shown in figures 9.3(e)–(h), which also illustrates
negative optical refractivity with increased magnitude upon increasing the ablation
time. Kalanoor et al [14] have also investigated the NLO properties of AgNPs
decorated functionalized multilayer graphene (AgNPS/fG) at 1064 nm. A change in
the sign of NLA coefficient from negative to positive and hence from SA behavior to
RSA behavior has been observed upon increasing the input intensity. Table 9.1
summarizes few experimentally obtained NLO parameters (nonlinear refraction
(NLR), NLA, limiting threshold Fth) for metal-decorated graphene-based
nanomaterials.

9.2.2 Graphene-based nanomaterials dispersed in various solvents

Graphene-based nanomaterials dispersed in various solvents including N,N-dime-
thylformamide (DMF), N-methyl-2-pyrrolidone (NMP), γ-butyrolactone (GBL),

Figure 9.2. (a) Fabrication of AuNPs in GO using laser ablation method. GO sheet before (b) and after (c) the
ablation of gold plate, TEM image of AuNPs in GO for 10, 20, 30 and 40 min ablation times showing the
particle size of 16.55 nm (d), 13.4 nm (e), 9.51 nm (f), and 5.18 nm (g), respectively. Reproduced from [13]
under a Creative Commons Attribution License, Copyright 2014, Hindawi.
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dimethyl sulfoxide (DMSO), N,N-dimethylacetamide (DMA), tetrahydrofuran
(THF), acetonitrile (CAN), ethanol, water, etc, are also reported to exhibit excellent
NLO properties. Liu et al [19] have investigated the NLO properties of GO
dispersed in DMF by performing z-scan measurement using second harmonic of
Q-switched Nd:YAG laser generating 5 ns pulses and mode locked Nd:YAG laser
under picoseconds regime (35 ps pulses). Under ps regime, a symmetrical peak

Figure 9.3. (a)–(d) CA z-scan signal for the GO solution for various concentrations of GO in water. (e)–(h) CA
z-scan signal for AuNPs/GO nanocomposite for various ablation times. Reproduced from [13], under a
Creative Commons Attribution License, Copyright 2014, Hindawi.

Recent Advances in Graphene and Graphene-Based Technologies

9-7



T
ab
le

9.
1.

E
xp

er
im

en
ta
lly

ob
ta
in
ed

N
L
O

pa
ra
m
et
er
s
fo
r
m
et
al
-d
ec
or
at
ed

gr
ap

he
ne
-b
as
ed

na
no

m
at
er
ia
ls
.

M
et
al
/g
ra
ph

en
e-
ba

se
d
na

no
m
at
er
ia
ls

L
as
er

pa
ra
m
et
er
s

N
L
O

pa
ra
m
et
er
s

R
ef
er
en
ce

A
uN

P
s
(1
6.
55

nm
)/
G
O

53
2
nm

;
18

0
m
W

N
L
R

=
−
1.
85

cm
2
G
W

−
1

[1
3]

A
uN

P
s
(1
3.
41

nm
)/
G
O

53
2
nm

;
18

0
m
W

N
L
R

=
−
2.
7
cm

2 /
G
W

−
1

[1
3]

A
uN

P
s
(9
.5
2
nm

)/
G
O

53
2
nm

;
18

0
m
W

N
L
R

=
−
4.
1
cm

2
G
W

−
1

[1
3]

A
uN

P
s
(5
.1
8
nm

)/
G
O

53
2
nm

;
18

0
m
W

N
L
R

=
−
5.
8
cm

2
G
W

−
1

[1
3]

A
gN

P
s/
rG

O
—

I s
=

18
.5

M
W

cm
−
2

N
L
R

=
−
1.
1
×
10

−
12

m
2
W

−
1

[1
1]

A
gN

P
s/
fG

co
m
po

si
te

53
2
nm

;
40

ps
;
10

H
z

N
L
A

=
81

2
cm

G
W

−
1

I s
=

3.
7
G
W

cm
−
2

[1
4]

A
gN

P
s/
fG

co
m
po

si
te

10
64

nm
;
40

ps
;
10

H
z

N
L
A

=
60

0
cm

G
W

−
1

[1
4]

A
g-
G
O

53
2
nm

;
10

ns
N
L
A

=
45

.4
cm

G
W

−
1
at

0.
20

G
W

cm
−
2

N
L
A

=
39

.7
cm

G
W

−
1
at

0.
16

G
W

cm
−
2

N
L
A

=
32

.4
cm

G
W

−
1
at

0.
10

G
W

cm
−
2

N
L
A

=
30

.0
cm

G
W

−
1
at

0.
08

G
W

cm
−
2

[1
5]

N
on

-c
ov

al
en
t
f-
rG

O
/A

gN
P
s
(1

M
)

53
2
nm

;
5
ns

N
L
A

=
13

.9
m

G
W

−
1

[1
6]

N
on

-c
ov

al
en
t
f-
rG

O
/A

gN
P
s
(1

M
)

80
0
nm

;
10

0
fs

N
L
A

=
5.
8×

10
−
15

m
W

−
1

[1
6]

N
iN

P
s/
rG

O
53

2
nm

;
1
H
z;

4
ns
;
50

μJ
N
L
A

=
1.
29

cm
G
W

−
1

[1
7]

P
tN

P
s/
rG

O
53

2
nm

;
1
H
z;

4
ns
;
50

μJ
N
L
A

=
1.
38

cm
G
W

−
1

[1
7]

P
t/
fu
nc
ti
on

al
iz
ed

hy
dr
og

en
ex
fo
lia

te
d-
G

(f
-H

E
G
)

53
2
nm

;
5
ns
;
0.
5
H
z

F
th
=
13

.7
J
cm

−
2

[1
8]

P
t/
f-
H
E
G

80
0
nm

;
10

0
fs
;
0.
5
H
z

F
th
=
1.
8
J
cm

−
2

[1
8]

P
t–
N
i
N
P
/r
G
O

53
2
nm

;
1
H
z;

4
ns
;
50

μJ
N
L
A

=
1.
64

cm
G
W

−
1

[1
7]

P
d/
f-
H
E
G

53
2
nm

;
5
ns
;
0.
5
H
z

F
th
=
8.
8
J
cm

−
2

[1
8]

P
d/
f-
H
E
G

80
0
nm

;
10

0
fs
;
0.
5
H
z

F
th
=
1.
5
J
cm

−
2

[1
8]

Recent Advances in Graphene and Graphene-Based Technologies

9-8



indicating SA behavior was observed at an input intensity of 2.1 × 109 W cm−2

which turns to valley-feature at 1 × 1010 W cm−2 and 3.4 × 1010 W cm−2, suggesting
RSA behavior. Furthermore, there is a strong dependence of NLA coefficient upon
input intensity under ns regime but a weaker dependence under ps regime. Wang
et al [20] have reported the NLO properties of graphene dispersed in various
dispersion solvents including DMA, NMP, GBL under an excitation of 532 nm and
1064 nm, with repetition rate of 10 Hz and pulse duration of 6 ns.

Fang et al [21] have demonstrated the fabrication of tunable optical limiting
optofluidic device filled with GO dispersion in ethanol. The optofluidic device was
fabricated using photolithographic technique where the optical nonlinearity is
manipulated by adjusting the concentration of GO and flow rate ratio of injection.
Figure 9.4(a) schematically illustrates the design of the optofluidic device which has
two inlets—one for GO/ethanol solution and the other for ethanol solvent; one
outlet for effluent; a mixture area with zigzag geometry and an optical cavity
(radius = 10 nm) to store the fully mixed liquid. Figure 9.4(b) shows the optofluidic
fabricated on polydimethylsiloxane (PDMS) which is transparent within the 1550 nm
band. The width, height and total length of channel in the mixture area are 200 μm,
100 μmand 180 nm, respectively. Z-scan technique and pump probemeasurements in
fs regime within 1500 nm wavelength band were employed to examine the optical
nonlinearity and dynamic excitation relaxation of GO/ethanol solution, respectively.
OA z-scan experimental results for 100 μg mL−1 and 200 μg mL−1 GO/ethanol

Figure 9.4. (a) Schematically illustration of the design of GO/ethanol based optofluidic device. (b) Optofluidic
fabricated on PDMS. (c) OA z-scan experimental results for 100 μg mL−1 and 200 μg mL−1 GO/ethanol
solutions obtained at different input intensities. (d) Optical limiting behavior of the fabricated device at various
concentrations of GO/ethanol solution. (e) Dependence of saturation intensity and NLA coefficient on the
concentration of GO/ethanol solution. Reproduced from [21], under the terms of the Creative Commons
Attribution 4.0 International License, Copyright 2015, Springer Nature.
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solutions are depicted in figure 9.4(c) which clearly shows a dip at the focal point of the
transmittance versus distance signal, representing the occurrence of RSA behavior
which increases with increasing the input fluence.

Optical limiting behavior at various concentrations of GO/ethanol solution is
shown in figure 9.4(d) where the linear transmittance is 83% and upon increasing the
input power, output power increases linearly and then becomes constant, suggesting
the optical limiting behavior. Figure 9.4(e) demonstrates the dependence of
saturation intensity and NLA coefficient on the concentration of GO/ethanol
solution filled within the cavity. The NLO properties and hence the optical limiting
behavior of GO/water, fluorinated GO/water have been reported by
Chantharasupawong et al [22]. Few experimental results of NLO parameters
obtained for several graphene-based nanomaterials dispersed in various solvents
are listed in table 9.2.

9.2.3 Thin films of graphene-based nanomaterials

It should be noted that graphene-based nanomaterial in the form of thin films
(single-, bi-, few-, multilayer graphene) grown on transparent quartz substrate can
be easily employed for optoelectronic device applications. Hence, it is crucial to
study the NLO responses of thin films of graphene-based nanomaterial. Thakur et al
[35] have demonstrated the tunable optical Kerr nonlinearity in graphene films
grown on quartz substrate using pump probe integrated z-scan measurement,
employing a Ti:Sapphire laser exhibiting a tunable wavelength (690–1050 nm),
repetition rate of 8 MHz at 100 fs. Optical limiting properties of rGO/polymethyl-
methacrylate (PMMA) films, poly[(9,9-dihexyl-9H-fluorene)-alt-(1,1,2,2-tetraphe-
nylethane)] (PFTP)-/rGO/PMMA and annealed PFTP-/rGO/PMMA films has
also been investigated by Liu et al [36]. Demetrious et al [37] have reported the
NLO properties of multilayer graphene using z-scan technique employing 100 fs
laser source at various operating wavelengths (1150, 1550, 1900 and 2400 nm).

Our group has also investigated the NLO absorptivity and refractivity in as-
grown and annealed graphene multilayers grown on quartz substrate following the
chemical vapor deposition (CVD) method where graphene layers were initially
grown on Cu foil employing methane and hydrogen gases as graphene precursor and
ambient gas [10]. Figure 9.5(a) depicts the complete growth process with four stages,
showing the proper gas flows (in sccm) along with the time of flow. After the growth
of graphene layers on Cu foil, they are then transferred onto quartz substrate
following the wet-transfer technology [10]. The as-grown graphene layers was also
annealed at 250 °C in a vacuum chamber with base pressure and working pressure of
1.8 × 10−6 Torr and 3.1 × 10−6 Torr, respectively. Figures 9.5(b) and (c) compare the
Raman spectra for as-grown and annealed graphene layers at the excitation
wavelengths of 633 nm and 785 nm, respectively. The figure clearly shows the
predominance of Raman-G band (≈1578 cm−1) at both the excitation wavelengths,
which are associated with the bond stretching of sp2 atoms. Second strongest Raman
2D band (~2660 cm−1) is related with the double resonance enhanced two-phonon
processes. Apart from this, Raman D-band (≈1330 cm−1) and weak D′ band also
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Table 9.2. Experimentally obtained NLO parameters for graphene-based nanomaterials dispersed in various
solvents.

Sample Solvent Laser parameters NLO properties Reference

GO DMF 532 nm; 5 ns NLA = 5.6 × 10−8 cm W−1;
Is = 0.12 GW cm−2

[19]

GO DMF 532 nm; 6 ns; 10 Hz NLA = 30.22 cm GW−1 [23]
GO DMF 1064 nm; 6 ns; 10 Hz NLA = 6.19 cm GW−1 [23]
G sheets DMF 532 nm; 8 ns Fth = 0.15/1.9 (mJ/J cm−2) [24]
GF DMF 532 nm; 4 ns NLA = 20.71 cm GW−1 [25]
GF DMF 1064 nm; 4 ns NLA = 12.53 cm GW−1 [25]
GO DMF 800 nm; 120 fs; 1 kHz;

82.1 GW cm−2
NLA = 2.5 × 10−11 cm W−1

NLR = −5.3 × 10−16 cm2 W−1
[26]

G DMF 532 nm; 6 ns; 2 Hz;
57~166 nJ

NLA = 2.89 cm GW−1 [27]

FLGO DMF 532 nm; 4 ns NLA = 220 cm GW−1 [28]
GF DMF 532 nm NLR = 0.16 × 10−18 m2 W−1

at 35 ps
NLR = 14.7 × 10−18 m2 W−1

at 4 ns

[28]

G-Cu
porphyrin

DMF 532 nm; 6 ns; 10 Hz NLA = 3570 cm GW−1 [29]

GO-PcZn DMF 532 nm; 6 ns; 10 Hz NLA = 51.16 cm GW−1 [23]
GO-PcZn DMF 1064 nm; 6 ns; 10 Hz NLA = 31.04 cm GW−1 [23]
G DMA 532 nm; 6 ns; 10 Hz Fth = 2 J cm−2 [20]
G DMA 1064 nm; 6 ns; 10 Hz Fth = 4.2 J cm−2 [20]
GO DMSO 532 nm; 4 ns; 10 Hz;

0.43 J cm−2
NLA = 50 cm GW−1 [30]

GO-ZnPc DMSO 532 nm; 4 ns; 10 Hz;
0.43 J cm−2

NLA = 300 cm GW−1 [30]

R-GO-ZnPc DMSO 532 nm; 4 ns; 0.43 J
cm−2

NLA = 1500 cm GW−1 [30]

G NMP 532 nm; 6 ns; 10 Hz Fth ~ 2.5 J cm−2 [20]
G NMP 1064 nm; 6 ns; 10 Hz Fth ~ 7.8 J cm−2 [20]
G NMP 532 nm; 6 ns; 2 Hz;

57~166 nJ
NLA = 2.6 cm GW−1 [27]

HF-GO NMP 532 nm; 5 ns NLA = 0.7 nm W−1 [22]
G GBL 532 nm; 6 ns; 10 Hz Fth ~ 3 J cm−2 [20]
G GBL 1064 nm; 6 ns; 10 Hz Fth ~ 10 J cm−2 [20]
G sheet THF 532 nm; 8 ns Fth = 0.097/1.2 (mJ/J cm−2) [24]
G sheet ACN 532 nm; 8 ns Fth = 0.11/1.4 (mJ/J cm−2) [24]
G Alcohol 800 nm; 50 fs; 1 kHz;

46 GW cm−2
NLA = 1.96 × 10−2 cm GW−1 [31]

G sheet Water 532 nm; 8 ns Fth = 0.25/3.2 (mJ/J cm−2) [24]

(Continued)
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Table 9.2. (Continued )

Sample Solvent Laser parameters NLO properties Reference

GO Water 532 nm; 5 ns NLA = 0.35 nm W−1 [22]
GO Water 800 nm; 50 fs; 1 kHz;

46 GW cm−2
NLA = −6.84 × 10−3 cm GW−1 [31]

GO NPs Water 810 nm; 150 fs; 80 MHz NLA (2PA) ~0.045 cm GW−1

(740 nm) to ~0.023 cm
GW−1 (820–850 nm)

[32]

GO sheets Water 532 nm; 4 ns NLA = 130.10 cm GW−1 [33]
GO sheets Water 1064 nm; 4 ns NLA = 20.01 cm GW−1 [33]
1–3 layers GO Water 532 nm; different

pulse duration
NLA = 108.4 cm GW−1

at 4 ns
NLA = 2.08 cm GW−1

at 35 ps

[28]

GO Water 534 nm NLR = −9.971 cm2 GW−1 [34]
fG fluoride Water 532 nm NLR = −34.2 × 10−18 m2 W−1 at 4

ns
NLR = −1.2 × 10−18 m2 W−1 at 35
ps

[28]

Fluorinated
GO

Water 532 nm; 5 ns NLA = 1.40 nm W−1 [22]

Figure 9.5. (a) Temperature–time profile indicating four stage heating process for CVD growth of graphene.
Raman spectra of as-grown (b) and annealed graphene multilayers (c) obtained at 633 nm and 785 nm.
(d) AFM image for as-grown graphene multilayers. (e) OA z-scan results for as-grown and annealed graphene
multilayers. (f) Variation of normalized transmittance as a function of input intensity for as-grown and
annealed graphene multilayers. (g) Schematic illustration for the tuning of energy bandgap by embedding sp2

hybridized carbon atoms into sp3 matrix. Reproduced from [10], copyright 2020, with permission from
Elsevier.
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appear and are defect/disorder induced bands, suggesting the contributions of sp3

hybridized carbon atoms in graphene.
An atomic force microscope (AFM) image of the as-grown sample is shown in

figure 9.5(d) which indicates a piled-up growth of graphene layers. The NLA
response of the grown samples was investigated using OA z-scan experiment
employing CW He–Ne laser source (633 nm), as shown in figure 9.5(e), where
combined SA and RSA behavior was observed. Here, symbols as experimental data
points and red thick solid lines are theoretical curves fitted using equation (9.6).
NLA coefficients and the saturation intensity for as-grown (annealed) graphene
layers was found to be β = 15.4 × 10−3 mW−1; Is = 1.64 MWm−2 and β = 4.2 × 10−3

m W−1 and Is = 1.27 MW m−2, respectively, which clearly indicates a reduction in
optical nonlinearity upon annealing and is attributed to the presence of sp2

hybridized carbon atoms into sp3 matrix. Figure 9.5(f) shows the transmittance
signal as a function of input fluence where initially the transmittance increases with
increasing input fluence and then drops down after a limiting threshold and hence
represents the saturable absorber as well as optical limiting behavior within the same
material. The concept of embedded sp2 hybridized carbon atoms into sp3 matrix
along with their energy band profile is schematic illustrated in figure 9.5(g). It is
worth mentioning here that the energy bandgap of graphene layers can be modified
via manipulating the sp2/sp3 ratio which can result in the occurrence of combined SA
and RSA behavior within the same material.

Yang et al [38] have also reported the NLR in graphene layers grown onto silicon/
silica substrate via a facile bottom-up approach. A valley followed by a peak was
observed in the CA z-scan transmittance signal and hence positive NLO refractivity.
Ren et al [39] have also explored giant third-order optical nonlinearity in electro-
chemical GO under fs regime using the same z-scan technique. A valley-kind feature
is observed in the OA geometry which increases with increasing the input laser
fluences, suggesting RSA behavior and hence the utility in making optical limiters.
At low input fluence (80 mJ cm−2), SA behavior was initially observed which
switches to RSA behavior. Under CA geometry, pre-focal peak followed by a post-
focal valley was observed, signifying the negative sign of NLO refraction. A few
experimentally obtained NLO parameters for thin films of graphene-based nano-
materials are listed in table 9.3.

9.2.4 2D nanomaterials/graphene-based nanomaterials

Optical nonlinearity of graphene-based nanomaterials can also be modified by
integrating them with other 2D materials such as MoS2, h-BN, MoSe2 etc. Ouyang
et al [46] have demonstrated an enhanced RSA behavior in G/MoS2 organic glasses.
G/MoS2 composite was first prepared by hydrothermal method followed by
dispersion in methyl-methacrylate (MMA) and then polymerized to synthesize
G/MoS2 organic glass. OA z-scan technique was employed to determine the NLA
coefficient and a valley-feature was observed in the transmittance signal suggesting
RSA behavior with NLA coefficient ~2110 cm GW−1, which was significantly larger
than G/PMMA (~242 cm GW−1) and MoS2/PMMA (~365 cm GW−1). Such an

Recent Advances in Graphene and Graphene-Based Technologies

9-13



enhanced optical nonlinearity suggests its utility in optical limiter and optical
shutters. Improved NLO response of MoS2/G nanocomposite for ultrafast photonic
applications has also been observed by Jiang et al [47]. The nanocomposite was
fabricated using hydrothermalmethod. TEM image of the prepared nanocomposite is
shown in figure 9.6(a), which reveals a homogeneous spread of MoS2 sheet on
graphene. The inset of figure 9.6(a) shows selected area electron diffraction (SAED)
pattern of MoS2/G nanocomposite. Figure 9.6(b) depicts the ultraviolet–visible
(UVVis) spectra of the grown nanocomposite and clearly signatures the spectral peaks
ofMoS2/G at 610 nm and 670 nm and two absorption peaks ofMoS2. Raman spectra
has also been shown in figure 9.6(c), showing Raman D-band and Raman G band at
1342 cm−1 and 1593 cm−1, respectively, along with in-plane E2g

1, A1
g and 2LA bands

which are associatedwith two sulfur atoms vibrating in opposite directionwith respect
to Mo atom, out-of-plane vibration of sulfur atoms in opposite direction and second-
order longitudinal acoustic mode at M point, respectively.

Table 9.3. Experimentally obtained NLO parameters for thin films of graphene-based nanomaterials.

Sample Laser parameters NLO properties Reference

G/quartz 690–1050 nm; 80 MHz;
100 fs

NLR = 9.07 × 10−9 to
1.76 × 10−8 cm2 W−1

[35]

MLG/quartz 633 nm; 20 mW NLR = −14.5 m2 GW−1 [10]
Annealed MLG/
quartz (250 °C)

633 nm; 20 mW NLR = −1.4 m2 GW−1 [10]

G layers/quartz 1550 nm; 3.8 ps; 10 MHz NLR ~ 10−7 cm2 W−1 [40]
G/quartz 733 nm;100 fs; 80 MHz; 94

GW cm−2
NLA = 6 cm MW−1

NLR = 1.4 cm2 GW−1
[41]

rGO/PMMA 532 nm; 2 Hz; 300 μJ NLA = 129.01 cm GW−1 [36]
PFTP-rGO/PMMA 532 nm; 2 Hz; 300 μJ NLA = 215.77 cm GW−1 [36]
rGO/PMMA 1064 nm; 2 Hz; 300 μJ NLA = 148.42 cm GW−1 [36]
PFTP-rGO/PMMA 1064 nm; 2 Hz; 300 μJ NLA = 300.13 cm GW−1 [36]
G/PMMA [50] 532 nm; 6 ns; 1 Hz NLA = 242 cm GW−1 [42]
Multilayer G
(5–7 layers)

2400 nm; 100 fs; 1 kHz;
22 GW cm−2

NLA = 19 000 cm W−1

NLR= −2.5 cm2 GW−1
[37]

Electrochemically
derived GO film

800 nm; 10 kHz; 85 fs; 80
mJ cm−2

NLA = −2 cm GW−1

NLR = 3.63 cm2 GW−1
[39]

Electrochemically
derived GO film

800 nm; 10 kHz; 85 fs; 400
mJ cm−2

NLA = +7 cm GW−1

NLR = 0.57 cm2 GW−1
[39]

GO films/glass 400 nm;100 fs; 1 kHz NLA ~ 41 000 cm GW−1 [43]
GO films/glass 800 nm;100 fs; 1 kHz NLA(2PA) ~31 cm GW−1

NLA(3PA) ~0.47 cm3 GW−2
[43]

GO thin film 800 nm ; 100 fs;
70 GW cm−2

NLA = 0.47 × 10−18 cm3 GW−2 [44]

GO films 1560 nm; 67 fs; 20 MHz NLA ~ 103 cm GW−1

NLR = 0.45 cm2 GW−1
[45]
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Carrier dynamics and NLO response of MoS2/G nanocomposite was investigated
using pump-probe and OA z-scan measurements, respectively, employing a Ti:
Sapphire amplified laser system (pulse repetition rate ~1 kHz; centre wave-
length = 800 nm; pulse width ~100 fs). Figure 9.6(d) schematically illustrates the
interaction between MoS2 and graphene which plays a vital role in the relaxation
dynamic mechanism where photon excitation causes an electron transfer fromMoS2
to graphene. Pump-probe ultrafast carrier dynamics for graphene and MoS2/G
nanocomposites for different pump intensities were shown in figures 9.6(e) and (f),
respectively, where symbols are the experimental data points and solid thick lines are
the theoretical fits using the equation [47];

T
T

A t A texp( ) exp( ) (9.8)1 1 2 2τ τΔ = − + −

where 1τ and 2τ are the decay time with amplitude weights Ai and slower constant
related to cooling time of thermalized carrier–phonon coupling system and electron–
hole recombination. Figures 9.6(e)–(f) clearly suggest a dependence of carrier
dynamics on the pump-power intensity in case of graphene but no relaxation-time
dependence on pump-power intensity in the case of the nanocomposite. The fast
relaxation-time constants 1τ for graphene and MoS2/G are found to be 0.47 ± 0.03 ps
and 1.3 ± 0.2 ps at a power of 0.354 GW cm−2, whereas slower relaxation-time
constant 2τ at the same power was found to be 1.7 ± 0.1 ps and 36 ± 2 ps for
graphene and MoS2, respectively.

Figure 9.6. (a) TEM image of MoS2/graphene nanocomposites; Inset: SAED pattern of MoS2/graphene
nanocomposites. (b) UV–Vis spectra of graphene, MoS2/graphene nanocomposites and MoS2. (c) Raman
spectrum of the MoS2/graphene nanocomposites. (d) Schematically illustration of interaction between MoS2
and graphene. Carrier dynamics of graphene (e) and MoS2/graphene nanocomposite (f) under different pump-
power intensities. Solid thick lines are the theoretical fit to the experimental data using equation (9.8).
Reproduced from [47], under the terms of Creative Commons Attribution 4.0 International License, Copyright
2015, Springer.
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Figures 9.7(a)–(c) illustrates the OA z-scan results for MoS2/G nanocomposite at
the wavelengths of 400 nm, 800 nm and 1562 nm and different input fluencies,
depicting a peak-feature, suggesting SA behavior and an increase in optical
nonlinearity has also been observed with increase in input fluence. Figures 9.7(d)
and (e) compare the NLO response of MoS2/G and graphene (wavelength = 800 nm;
input fluence = 20.4 GW cm−2) and MoS2/G and MoS2 (wavelength = 1562 nm;
input fluence = 104.5 MW cm−2), respectively, where better optical nonlinearity has
been observed in MoS2/G nanocomposite as compared to bare graphene and MoS2,
suggesting its utility for fabricating optical limiters.

He et al [48] have also reported an improved nonlinear SA in MoS2/G nano-
composites films which were grown by vacuum filtering and liquid phase exfoliated
MoS2/G suspension. SA behavior was examined using OA z-scan experiment at 800
nm. An enhancement in nonlinear SA has been observed in MoS2/G with NLA
coefficient of −1217.8 cm GW−1, which is larger as compared to MoS2 (−136.1 cm
GW−1) and graphene (−961.6 cm GW−1). Such an encouraging SA response of the
nanocomposite suggests the applicability of this nanocomposite for optical switching
and mode locking applications. Apart from MoS2/G, NLO response in h-BN-GO
heterostructure has also been explored by Biswas et al [49], by performing the same
z-scan experiment in the nanosecond regime. An increased two-photon absorption
coefficient has been observed in BN nanosheet/GO as compared to bare BN
nanosheets.

It is worth stressing here that the combination of semiconductors (ZnO, TiO2,
MgO etc) with graphene-based nanomaterials can improve the NLO properties of

Figure 9.7. OA z-scan curves for MoS2/graphene nanocomposites at different input fluences at 400 nm
(a), 800 nm (b) and 1562 nm (c). (d) OA z-scan curves for MoS2/graphene nanocomposites and graphene at the
same input fluences of 20.4 GW/cm2 at 800 nm. (e) MoS2/graphene nanocomposites and MoS2 at input
fluences of 104.5 mW cm−2 at 1562 nm. Reproduced from [47], under the terms of Creative Commons
Attribution 4.0 International License, Copyright 2015, Springer.
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semiconductors owing to the superior optical nonlinearity of graphene. So far,
several semiconductor/graphene-based nanomaterials have been investigated for
their NLO properties. Tong et al [50] have explored the NLO properties and multi-
photon absorption (PA) in G-ZnO nanocomposites by performing OA z-scan
experiment employing fs laser with operating wavelength of 1030 nm. The G-ZnO
nanocomposites were prepared using modified solvothermal method with GO and
zinc nitrate as starting materials. They have reported the occurrence of 5PA, 3PA
and 2PA at 46.8 GW cm−2, 28.1 GW cm−2 and 18.7 GW m−2, respectively, where a
switching from SA feature to RSA has been observed upon increasing the incident
intensity. Superior NLO properties along with encouraging optical limiting behavior
in G/ZnO hybrid organic glasses have also been investigated by Ouyang et al [51].
The G/ZnO composites were prepared using wet chemical method and then
dispersed in MMA polymerized at 75 °C to prepare G/ZnO/PMMA organic glass.
Modified z-scan technique was employed to examine the optical nonlinearity and
optical limiting behavior of the organic glass where the NLA coefficient was found
to be 1530 cm GW−1 which was significantly larger than that of G/PMMA and ZnO/
PMMA organic glasses. Kavitha et al [52] have also reported enhanced optical
limiting properties in GO–ZnO hybrid where facile solution methods (solution
precipitation method and hydrothermal method) were employed for the in situ
growth of GO. OA z-scan experiment was performed to examine the NLA
coefficient and hence the optical limiting properties of the grown hybrid where a
15 times enhancement has been observed in the NLA coefficient as compared to bare
ZnO. Kimiagar and Abrinaei [53] have investigated the effect of temperature on the
NLO properties of MgO doped GO nanocomposites, which were synthesized via
hydrothermal method at different temperatures. The NLO response of the grown
MgO–GO nanocomposite was investigated by performing z-scan experiment using
second harmonic of nanosecond Nd:YAG laser. The absorptive and refractive
optical nonlinearity was found to be of the order of 10−7 cmW−1 and −10−12 cm2W−1,
respectively, at a laser intensity of 1.1 × 108 W cm−2. Absorptive optical nonlinearity
and the optical limiting behavior in TiO2-rGO nanocomposites have also been
considered by Wang et al [54]. The nanocomposite was again synthesized using
hydrothermal method where GO was first reduced to rGO in water:ethanol (2:1)
mixture with varying amount of tetrabutyl-titanate which results in the deposition of
TiO2 on rGO sheets. The absorptive optical nonlinearity of TiO2 doped rGO
nanocomposite as solution in DMF was examined at 532 nm and a dip at the focal
point of the transmittance versus distance signal has been observed indicating RSA
behavior. Table 9.4 provides a compilation of few experimentally obtained NLO
parameters for 2D material/graphene-based nanomaterials and semiconductor/gra-
phene-based nanomaterials.

9.3 Conclusions
In conclusion, this chapter details the NLO properties of various graphene-based
nanomaterials including metals decorated graphene-based nanomaterials, 2D mate-
rials/graphene-based nanomaterials, dispersion of graphene-based nanomaterials in
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Table 9.4. Experimentally obtained NLO parameters for 2D material/graphene-based nanomaterials and
semiconductor/graphene-based nanomaterials.

Sample Laser parameters NLO properties Ref.

MoSe2/G (Rt = 6 h) 532 nm; 30 ps; 10 Hz; 6.6 GW/cm2 NLA = −6.46 × 10−12 m W−1

NLR = 1.54 × 10−11 esu
[55]

MoSe2/G (Rt = 12 h) 532 nm; 30 ps; 10 Hz; 6.6 GW/cm2 NLA = −6.12 × 10−12 m W−1

NLR = 1.35 × 10−11 esu
[55]

MoSe2/G (Rt=18 h) 532 nm; 30 ps; 10 Hz; 6.6 GW/cm2 NLA = −3.90 × 10−12 m W−1

NLR = 1.18 × 10−11 esu
[55]

MoS2/G 800 nm; 1 Hz NLA ~ −1217.8 cm GW−1 [48]
MoS2/G 400 nm; 100 fs Is = 1.427 GW cm−2 [47]
MoS2/G 800 nm; 100 fs Is = 2.02 GW cm−2 [47]
MoS2/G 1562.6 nm; 565 fs Is = 2.44 mW cm−2 [47]
G/MoS2/PMMA 532 nm; 6 ns; 1 Hz; 66 μJ NLA = 2110 cm GW−1 [46]

Bi2S3/rGO 532 nm; 30 ps; 10 Hz; 4.5 GW cm−2 NLA = 2.48 × 10−11 m W−1

NLR = 4.03 × 10−11 esu
[56]

Bi2S3/rGO 532 nm; 30 ps; 10 Hz; 4.5 GW cm−2 NLA = 2.28 × 10−11 m W−1

NLR = 3.48 × 10−11 esu
[56]

Bi2S3/rGO 532 nm; 30 ps; 10 Hz; 4.5 GW cm−2 NLA = 1.77 × 10−11 m W−1

NLR = 1.81 × 10−11 esu
[56]

CdSe-rGO 532 nm; 30 ps; 10 Hz NLA = 224.42 cm GW−1

NLR = 48.90 × 10−11 esu
[57]

TiO2/rGO 532 nm; 4 ns NLA = 6.0 × 10−10 m W−1 [54]

GO-Fe3O4 532 nm; 5 ns; 10 Hz NLA = 26 cm GW−1

NLR = 2.83 × 10−13 cm2 W−1
[58]

S-rGO(10 mg)-ZnO 532 nm; 5 ns; 10 Hz NLA = 5.8 cm GW−1

Is = 1.5 GW cm−2
[52]

GO-Fe3O4 532 nm; 5 ns RSA: enhanced by Fe3O4 [59]

ZnFe2O4–rGO
(40 wt%)

532 nm; 5 ns; 10 Hz; 100 μJ NLA = 1.26 × 10−10 m W−1

NLR = 1.29 × 10−38 esu
[60]

MgO–GO (T = 60 °C) 532 nm; 10 ns; 200 Hz NLA = 97 cm GW−1

NLR = −1.95 × 10−12 cm2 W−1
[53]
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various solvents, thin films of graphene-based nanomaterials, and semiconductor/
graphene-based nanomaterials. Results based on the NLO properties from recent
studies were compiled and discussed in detail. Overall, it is manifested from the
discussions that graphene-based nanomaterials offer prodigious potential as an
optoelectronic material, owing to their various fascinating and unique NLO
properties which can be further improved by their integration with several other
materials, and hence add another dimension to their utility. However, there’s still
inevitability for more and more novel graphene-based materials so that their
commercialization can be realized for today’s technological optoelectronic applica-
tions. Consequently, combined efforts are strongly recommended to meet the
speedily growing demand for graphene-based devices.
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Surface-enhanced Raman scattering (SERS) has become a dominant tool in material
science and life science, owing to its core features such as high sensitivity and unique
detection abilities. It is a surface sensitive technique which arises when the molecules
are adsorbed on metal nanoparticles and an enhancement of the order of 1010 is
observed in theRaman signals of adsorbed species. The enhancement effect of SERS is
ascribed to the electromagnetic mechanism (EM) and the chemical enhancement
mechanism (CM). The EM originates due to the presence of localized surface
plasmons and surface roughness present in metallic nanostructures, while CM arises
mainly due to the charge transfer (CT) between the substrate andmolecule. EMplays a
superior role inmetallic substrates and has beenwell studied over the past fewdecades,
but themechanismofCMis still not understood entirely.Major drawbacks ofmetallic
SERS substrates are poor stability and reproducibility, making its application
strenuous in practical scenarios. Therefore, development of a non-metallic SERS
substrate not only helps to overcome the drawbacks of traditional metallic SERS
substrates, but also helps to understand the CM.Graphene, with its unique properties
is an excellent choice to overcome the drawbacks of traditional SERS substrates and to
elevate enhancement ofRaman signal through chemical enhancement. Exploration of
graphene and graphene-based SERS substrates has intensified to such an extent that it
finds applications in many scientific branches.

This chapter gives an overview of progress in graphene enhanced Raman
spectroscopy over the past decade. The chapter begins with an insight into the
general aspects of SERS following the role of graphene in SERS. General under-
standing of Raman spectrum of graphene and how it changes when coupled with
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metal nanoparticles is also given. A subsequent section gives general perception of
enhancement mechanism when graphene itself is used as a SERS substrate.
Succeeding sections elaborately describe how research has progressed in making
use of the unique properties of graphene in developing graphene–metal hybrid
structures as SERS substrates following diverse strategies.

10.1 Introduction to surface-enhanced Raman spectroscopy
Raman spectroscopy is a unique spectroscopic tool to identify the molecular
structure and characterize the chemical compounds. Each band in the Raman
spectrum is associated with a specific vibrational mode of the molecule. Each
Raman active molecule has unique Raman spectrum making this technique highly
specific [1]. Yet, the sensitivity of this technique is insufficient at lower concen-
trations due to the small Raman scattering cross-section of the molecules. This
problem may be tackled with surface-enhanced Raman spectroscopy (SERS)—a
technique where the Raman signal from molecules adsorbed on the metal surface
gets enhanced allowing the detection of organic molecules at sub-femtomolar
concentration and even single molecular detection [2].

Experimental observation of SERS was first done by Fleischmann et al in 1974
during their attempts to develop a spectroscopic probe to study electrochemical
processes. They observed an exceptional increase in the intensity of the Raman signal
of pyridine molecule when adsorbed on rough silver electrode [3]. Later on, this
phenomenon was much explored and is confirmed using other nanoscale featured
metallic systems such as colloidal metal nanoparticles, metallic nanoparticle assem-
blies, metallic electrodes, etc. In general, the metallic systems which provide Raman
enhancement are known as SERS substrate, and the adsorbedmoleculewhoseRaman
spectra get enhanced is known as probe molecule. The SERS phenomenon is much
explored on the hybrid system consisting of more than one entity, such as semi-
conductor–metallic systems, polymer–metallic systems, metal–metal systems [4].
Also, functionalisation of metal nanoparticles and formation of metal nanocompo-
sites are offering improved SERS performance [5]. SERS substrates of various
morphologies are also being investigated. A variety of synthesis methods is being
developed to fabricate SERS substrates in order to tackle specific problems [6].

10.2 Enhancement mechanism
SERS mainly arises from the interaction between the adsorbed samples and the
SERS substrate. In the early stages of development of SERS, the enhancement in the
Raman signal of the adsorbed species was attributed to the increased surface area
resulting from the increase in the surface roughness. Presently, two mechanisms are
widely accepted for the enhancement:

(a) electromagnetic enhancement mechanism;
(b) chemical enhancement mechanism.

The governing equation that determines Raman scattering is, polarization
μ = αE, E (amplitude of the electric field), and α (molecular polarizability).
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EM theory is formulated from the ‘E’ factor and the CM theory focuses on ‘α’. Both
mechanisms are explained in detail in the following sections.

10.2.1 The electromagnetic enhancement mechanisms

Jeanmaire and Van Duyne proposed the EM enhancement mechanism in 1977
based on the properties of metallic nanostructures [7]. The collective oscillation of
free electrons on the metal surface is known as plasmons and the surface plasmons
are confined near the surface of metal nanoparticles. The propagating plasmon on a
flat surface is known as surface plasmon polaritons. On the other hand, the plasmons
gets localized on a rough surface with nanoscale roughness. When the frequency of
incident field coincides with the plasmon frequency, the metal becomes extremely
polarizable and large local fields are produced on the metal surface because of
localized surface plasmon resonance (LSPR), as shown in figure 10.1. The Raman
intensity greatly depends on the square of applied field at the molecule, and these
local fields cause an increase in the Raman intensity when the molecule is placed in
its vicinity. The governing equation for the electric field enhancement during LSPR
is given in the following equation (10.1)

E E z E
z
r

z
r

xx yy zz
3

( ) (10.1)out 0 0 3 5
α= ˆ − ˆ − ˆ + ˆ + ˆ⎡
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where α is metallic polarizability and expressed as ga3α = , where ‘a’ is radius of
sphere and ‘g’ is defined as in equation (10.2)
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where inϵ and outϵ represent dielectric function of metal and external environment,
respectively. Maximum electric field enhancement occurs when inϵ = −2 outϵ . Mie
theory suggests that, the condition inϵ = −2 outϵ satisfies during LSPR and which
occurs in visible region for metals such as silver (Ag), gold (Au), copper (Cu) etc.
EM is a long-range effect which rapidly falls off with distance.

Nie et al and Kneipp et al studied single molecular SERS and came to the
conclusion that isolated single particles could not achieve high enhancement factors
[8, 9]. Experimentally observed field enhancements were very high in nanoparticle
clusters compared to that on single nanoparticles. This is due to the formation of

Figure 10.1. Schematic of (a) metal nanoparticle charge distribution. (b) Charge separation and formation of
enhanced electric field when the light falls on the metal nanoparticle.
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regions with intense fields known as ‘hotspots’ in the junction between two metallic
particles [10]. Shape of the nanoparticle also contributes to the enhancement, as
electric field is enhanced profoundly on the tip or sharp edges of certain nano-
structures. This effect is known as ‘lightning rod effect’.

10.2.2 The chemical enhancement mechanism

The chemical enhancement arises when the molecule is directly adsorbed onto the
SERS substrate. This is a short-range process, and the enhancement is up to 102

which is much weaker than the EM enhancement. Although many theories are being
proposed to explain chemical enchantment mechanism, CT mechanism is the most
accepted explanation [11, 12]. When a molecule is adsorbed on to a metal surface a
metal–adsorbate complex is formed. This induce CT resonance (μCT) either from the
Fermi level of metal cluster to lowest unoccupied molecular orbital (LUMO) of the
molecules, or from the highest occupied molecular orbital (HOMO) of the molecules
to the Fermi level of metal cluster is shown in figure 10.2(a) [13]. This leads to an
increase in molecular polarizability and hence the enhancement in Raman signals.

In semiconductor-based SERS substrate, the CT interaction between semicon-
ductor and probe molecule is like that of metals, apart from the existence of bandgap
between conduction band and valence band. The CT between semiconductors and
molecules depends on the conduction band and the valence band energies, Ec and Ev
of semiconductor with respect to the molecular energies. The CT scheme is as shown
in figure 10.2(b) [14, 15]. In semiconductor–metal heterostructure-based SERS
substrates, CT direction and the type depend on the probe molecules, nature of
metals and the arrangement of energy levels. In most of the cases the following
pathways are found: semiconductor-to-molecule-to-metal, metal-to-semiconductor-

Figure 10.2. CT interaction in (a) metal–molecule system and (b) semiconductor–metal system.
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to-molecule, metal-to-molecule-to-semiconductor and all depending on the relative
energy positions and excitation wavelength [16].

10.3 Qualitative analysis of SERS substrate
The enhancement factor (EF) is the significant aspect to measure the performance of
SERS substrate. It is the measure of enhancement in the Raman intensity in the
presence of SERS substrate compared to normal Raman intensity of the molecule
under the same environment. Simply, analytical enhancement factor is calculated
using equation 10.3

I
I

C
C

EF (10.3)SERS

RS

RS

SERS
= ×

where ISERS and IRS are SERS and Raman signal intensity of analyte molecule,
respectively. CSERS and CRS are concentrations of the same analyte used to measure
SERS and Raman signal intensity. However, ISERS is the Raman signal from the
analyte molecules adsorbed on the surface. So a more accurate equation (equation
(10.4)) used to calculate the enhancement factor is [17, 18]

I
I

N
N

EF (10.4)SERS

RS

RS

SERS
= ×

where NSERS and NRS are the number of molecules within the excitation volume on
the sensing region of the SERS substrate and on the reference substrate, respectively.

Another factor which determines the quality of substrate is the lowest concen-
tration of the molecule which can be detected using the SERS substrate and is
known as the sensitivity of a SERS substrate. In general, the lower the detection
limit, the better the efficiency of the substrate. Apart from that, multi-analyte
detection capability, substrate-to-substrate reproducibility and uniformity defines
the quality of SERS substrate.

10.4 Applications of SERS
The trace level detection capability of SERS led to the tremendous applications in
detection of chemicals, biology and medicine, monitoring chemical reactions etc
[19]. SERS has been used for the detection of presence of nutrients, anti-oxidants
and flavonoids in food samples. Also, SERS has been employed to study water
contamination and pesticide detection [20]. Brackx et al employed SERS method
for detecting the presence of Zn2+ in water quantitatively, which indicates the
contamination of water [21]. Chen et al decorated Ag nanoparticles (AgNPs) on
nanocellulose and fabricated jelly-like flexible SERS substrate to detect pesticides
thiram and thiabendazole on apple peels and cabbages [22]. Food adulterant
detection is another important area where SERS technique can contribute
extensively. For example, realisation of rapid and sensitive detection of melamine
in milk was done by Li and Chin down to 0.5 ppm using Ag nanocube arrays [23].
Another advancement is the detection of gaseous substances by designing SERS
sensors in appropriate configuration. Park et al studied volatile organic
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compounds emitted from plant materials using Tenax-TA polymer film decorated
with Ag nanospheres [24].

SERS finds application in spectro-electrochemistry, catalysis and pH sensing [6].
Also, SERS is widely used in archaeology, forensics, chemical warfare agents, and in
the detection of pharmaceuticals [25]. Another challenging area is the identification
of colorants in traditional art works with minimum invasion. Choffel et al followed a
SERS-based method to identify the presence of organic pigments like madder lake,
carmine lake, indigo, gambode etc in 18th century portraits [26]. SERS sensing of
common forensic substances like cyclosarin, RDX, amphetamine and picric acid was
done by Hakonen et al using a hand held Raman spectrometer and commercially
available SERS substrate down to femtograms [27]. SERS is also used for the label-
free detection of biomolecules, pathogens, living cells, tissues, body fluids, nucleic acids
and proteins, making major advancements in the medical field [28]. Another
remarkable application of SERS-based sensors are real-time monitoring of alteration
in a cellular environment such as pH, temperature and ion concentration, which
affects the cell functioning and life processes. Indirect SERS sensors are also used for
this purpose which monitors the alterations in SERS tags [29]. For example, in the
work of Wang et al an optical fibre tip decorated with AgNPs and Raman reporter 4-
mercptopyridine are employed to monitor the pH changes in between normal cells and
cancer cells [30]. These advances open up a minimally invasive pathway for the
diagnosis and treatment of cancer, which is a major breakthrough in health care field.
Recently, Mao et al developed SERS-based sensor for the successful detection of
multiple biomarkers miR-21 and miR-196a-5p in human urine with high sensitivity as
low as 3.31pM and 2.18pM [31]. Also He et al fabricated octahedral Ag oxide
nanoparticles for the detection of circulating tumour cells [32].

In more advanced scenarios, SERS is used for the continuous monitoring and
treatment of cancer cells. Sujai et al employed SERS substrate based on a Au–MnO2

core–shell nano-envelope for monitoring the photothermal therapy of pancreatic
cancer cells [33]. A study of estrogen receptor alpha (ERα) expression in breast cancer
cells was done by Kapara et al using SERS. The effect of drug treatment was
monitored using functionalised Au nanoparticles (AuNPs) [34]. Among the plethora
of applications of SERS, only a few are mentioned here. All these above cited
applications of SERS point towards the significance of SERS and need for developing
a variety of SERS substrates that are appropriate for specific applications.

10.5 Graphene-based surface-enhanced Raman spectroscopy
Graphene with sp2-bonded carbon atoms can be used to enhance Raman signal of
the adsorbed molecule, by virtue of chemical enhancement. The chemical enhance-
ment in graphene arises mainly from the charge transfer interaction between
graphene and the adsorbed analyte molecule. The enhancement is also a function
of number of graphene layers which invokes the function of graphene-based SERS
substrate [35]. Since π electrons are abundant in graphene the CT can easily happen,
as shown in figure 10.3. The continuous energy band of graphene also contributes to
the CT in the graphene–molecule system.
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Although SERS has many advantages over other spectroscopic techniques, the
high local fields produced during the measurement lead to photo-induced damage to
the analyte molecule. Also, the florescent background produced by the analyte
molecules obstructs the Raman signal enhancement. Furthermore, metal nano-
particles experience agglomerations and instability due to oxide formation which
compounds the limitations of conventional metallic SERS substrates.

These limitations may be circumvented by using graphene-mediated SERS also
known as graphene-mediated surface-enhanced Raman scattering (G-SERS). First
of all, background fluorescence is avoided in G-SERS. Fluorescence quenching can
be achieved by the non-radiative transition of electron in excited state to the ground
state through energy transfer or electron transfer. In graphene, the π–π structure is
favourable for the stacking and functionalization of most of the organic dyes due to
their structural similarities. This leads to the movement of excited electrons from the
molecule to graphene and thereby reduction of fluorescence [36].

To overcome the problem of photo-induced damage to the analyte molecule, a spacer
could be introduced between analyte and the substrate. This may lead to a reduction in
Raman signal enhancement as the plasmonic enhancement rapidly decreases with
distance. Graphene may be used as a spacer between the metal nanostructure and
molecule to tackle this problem, owing to the atomic thickness and chemical inertness of
graphene. Also, graphene can be used as a sub-nanospacer for metal film–metal nano-
particle system for multiple plasmonic coupling and sensitive detection of molecules [37].

Graphene can be used as a protective layer for preventing the agglomeration and
oxidation of metal nanoparticles. The optical response of nanostructures like graphene
may be probed by analyzing the SERS of graphene since it can be easily integrated
with plasmonic nanostructures. Moreover, the atomic uniformity, biocompatibility
and atomic thickness make it suitable for promising SERS applications. Likewise,
graphene itself is widely used as SERS substrate to detect other probe molecules.
Graphene plasmonic systems are also extensively used as SERS substrates since they
overcome the problems associated with conventional SERS substrates and get higher
enhancement factors due to chemical enhancement, which will be discussed in the
following sections.

Figure 10.3. Schematic analysis of CT in graphene and probe molecule.
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10.5.1 Raman spectroscopy of graphene

Raman spectroscopy is used predominantly to determine the number of layers of
graphene. It also used to identify the structural alterations, addition of functional
groups, formation of by-products, and chemical changes brought during the
development of graphene [38]. Even though the spectra of all carbon based materials
are similar, considerable information can be derived from the intensity, position and
shape of the peaks [39]. The prominent features of Raman spectra of an amorphous
carbon, carbon nanotube, and doped graphene are different, making them distin-
guishable from one another [40].

Graphene has a single atomic layer with sp2-bonded carbon atoms with a two-
dimensional structure. Raman spectrum of graphene with defect is as shown in
figure 10.4(a). The peaks at ~1585 cm−1 and ~2685 cm−1 namely G band and G′
band, respectively, which are the most intense Raman peaks, show the vibrations of
pristine graphene [41]. D band (~1345 cm−1) and D′ band ~1625 cm−1 appear when
the graphene contains defects or when measured at the edge of graphene [42, 43].
Oher bands, namely D2 and D3, are also reported at 1450 cm−1 and 1500 cm−1,
respectively [44, 45]. The G band arises due to the in-plane vibrations of sp2

hybridized C atoms, which is a first-order process corresponding to the degenerate
iTO and iLO phonons at the Γ point and is independent of the excitation energy [36].
D band, which corresponds to the breathing modes of six-atom rings, requires the
presence of a defect to activate it. A double resonance intervalley Raman scattering
process with two iTO points at K point gives rise to the G′ band and is referred to as
2D band in common literature [46], as shown in figure 10.4(b). Two more low
intensity peaks are observed at ~42 cm−1 arises due to weak interlayer interactions
and at ~3250 cm−1 which is the second-order mode of D′ band [40, 47].

Many graphene properties can be studied by analysing the Raman spectrum of
graphene. The changes in Raman spectrum with the number of layers are well
studied throughout the literature. It is commonly found that as the number of layers
in graphene increases, due to the newly aroused interactions between layers, the 2D
peak becomes wider and shorter and shifts to higher frequency due to the splitting
produced from increased number of modes. A redshift is also observed for G peak as
the number of layer increases. The ratio of I2D/IG gives the number of layers for

Figure 10.4. (a) Typical Raman spectrum of graphene. (b) Various phonon scattering events leading to the
band formation. Reprinted from [43], copyright 2009, with permission from Elsevier.
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AB-stacked graphene. For more than five layers, the Raman spectrum becomes
hardly distinguishable from that of bulk graphite [45, 48]. The level of disorder in
graphene can be determined by ratio of peak intensities of D and G peak (ID/IG
ratio).

In low defect density regime, ID/IG ratio increases with increase in defects due to
more elastic scattering. In the high defect density regime, the ID/IG ratio decreases
with increase in defects due to the presence of amorphous carbon structure
produced. Also, increased electron concentration leads to a decreased 2D peak
position and decrease in intensity of 2D peak [49, 50]. It is also important to note
that D and 2D are dispersive, i.e., the peak positions depend on the excitation energy
[40]. The effect of doping in graphene is also reflected in the Raman spectrum of
graphene. In general, n-type doping results in the blue shift of D peak and redshift
of 2D band. Both G and 2D bands get blue shifted as a result of p-type doping of
graphene. The intensity ratio of peaks G and 2D peaks also gets affected by the
doping [50].

10.5.2 Graphene as a probe

Graphene is used as a probe for SERS studies either to determine the substrate
properties or to study the interactions of graphene with metal nanoparticles. In a
typical experimental setup, plasmonic–graphene systems are fabricated either by
transferring metal nanoparticles on the graphene layer or by growing metal nano-
particles of various morphologies on graphene layer and recording the Raman
spectra. Metal nanoparticles of Au or Ag are used widely to study the doping effects
since coupling with AgNPs invokes n-doping and AuNPs result in p-doing.

In general, maximum enhancement is obtained when the SPR frequency of metal
nanoparticles matches with the frequency of excitation source. This effect is
examined by Lee et al by depositing AuNPs on single- and few-layer graphene by
thermal evaporation. The SERS measurement was done with three different
excitation sources namely, 532 nm, 633 nm and 785 nm laser and maximum
enhancement was obtained when 633 nm excitation source was used, which is close
to the surface plasmon resonance of AuNPs [51]. The wavelength dependency on the
enhancement factor was also studied by Zhou et al. It is reported that Ag deposited
on n-layer graphene shows more Raman signal enhancement when excited with laser
wavelength of 514 nm, which matches with the SPR of AgNPs [52]. So in most of the
cases the excitation wavelength is chosen so as to match the SPR of the metal
nanoparticles to provide maximum plasmonic enhancement of Raman signals of
graphene.

Recently, Almokhtar et al investigated the dependence of Raman spectra on the
incident laser power on a graphene/AgNP system. A redshift is observed for G and
2D peak with increase in laser power. ID/IG ratio increased from 1.27 to 1.34 with an
increase in laser power from 1 mW to 7 mW. The higher value of ID/IG ratio in
graphene/AgNP system compared to graphene on SiO2/Si indicates the photo-
induced CT from Ag. Decrease in G peak half width with increase in laser power is
also indicative of the CT in graphene/AgNP system [53].
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When a graphene–metal interface is formed, it affects the properties of both metal
surface and graphene. Osvath et al studied the properties of graphene on AuNPs.
LSPR of AuNPs at 597 nm is broadened and red shifted by 9 nm when a graphene
layer is transferred onto AuNP, which shows the coupling between localized surface
plasmons and graphene. With a 633 nm excitation on these graphene/Au systems, an
enhancement in Raman signal of graphene is observed. When this sample is
annealed, the separation between graphene layer and AuNPs decreases and better
enhancement is observed [54]. Another observed change is with the doping of
graphene. A decrease I2D/IG was observed by Iyer et al as a result of the p-doping of
graphene. Also, the blue shift in G and 2D peak confirmed this effect [55]. Carles
et al studied the interaction of graphene with buried 3D printed AgNPs.
The distance between graphene and AgNP layer is estimated to be 4 nm and
they observed a tunnelling of electrons from AgNPs to graphene when excited with
laser [56].

From the studies of Zhou et al, the number of graphene layers affects the AgNP
morphologies. More dense AgNPs are formed when AgNPs are deposited on
graphene with lower thickness. Also, the size of the AgNPs increased with the
increase in layer number. More enhancement in Raman signal of graphene was
observed for less number of layers. Also, it was found that the enhancement factor
for G band is higher than that of 2D band [52].

Zhou et al studied the effect of surface roughness of plasmonic film on the SERS
of graphene. When graphene is placed on corrugated Ag film, a tensile strain is
induced in graphene resulting from the bending of graphene. This results in the loss
of symmetry of graphene peaks due to the loss of symmetry of graphene hexagonal
structure [57]. Quenching of 2D peak was observed by Ranjan et al when graphene
was covered with AuNPs. Due to the uniaxial strain developed by the presence of
AuNPs, a peak arose at ~1546 cm−1. Another peak arising at ~1600 cm−1 is due to
the hybridization of graphene p orbitals with the 5d orbitals of Au and this is the
reason for quenching 2D peak. A split in D band also is observed due to defects
present in the sample [58].

10.5.3 Graphene as SERS substrate

Graphene is widely used as SERS substrate, to study the interaction between
substrate and probe molecules and thereby to get more understanding of chemical
enhancement mechanism, investigation of which is difficult using usual metallic
nanostructures. Exploration of the SERS properties of graphene increased after the
observation of fluorescence quenching of dye molecules adsorbed on graphene by
Xie et al during the measurement of Raman signals from these molecules [59]. The
theoretical observation by Swathi et al proved the existence of a resonant energy
transfer which paves a way to the clean measurement of Raman spectra of these
molecules without hindrance of fluorescence [60]. Later on, Ling et al discovered the
emergence of many bands on the exfoliated graphene treated with organic dyes [35].
The presence of smooth surface, high visible range optical transmission and absence
of SPR in visible range rules out the possibility of EM. Many works suggest that the
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π–π interaction between graphene and molecules, leads to the CT interaction
between adsorbed molecules and graphene and is responsible for the Raman signal
enhancement [36].

More insight into the CT interaction was obtained by Xu et al by modulation of
CT interaction in graphene–cobalt phthalocyanine (CoPc) system by applying
external electric field and various doping conditions. Fermi level of graphene is at
−4.6 eV and HOMO–LUMO energies of CoPc lie at −5.02 and −3.41 eV,
respectively. The Fermi level changes from −4.98 to −4.22 eV when gate voltage
sweeps from −150 V to +150 V and consequently the energy gap between LUMO of
molecule and graphene Fermi level changes from 1.57 to 0.81 eV. When the energy
gap is closer to excitation energy of laser (1.96 eV) the Raman intensity increases.
Under n-doping, the Fermi level is upshifted above Dirac point and variation range
of Fermi level with applied electric field is closer to the LUMO of molecule.
Compared to the excitation energy the energy gap is small, which makes CT process
sensitive to Fermi level variation. The opposite effect is observed on p-doping, where
the Fermi level variation is downshifted, making the energy gap between LUMO
and Fermi level closer to the excitation energy, which makes the CT process
insensitive to the energy gap variation [61].

The CT interaction in graphene is highly sensitive to molecular orientation. Ling
et al studied this effect on Cu phthalocyanine (CuPc)–graphene system. The CuPc
molecules where adsorbed on the top of graphene with an upstanding orientation.
On annealing the sample the CuPc molecules take a lying down configuration. On
comparing the enhancement of Raman signal of CuPc molecule, more enhancement
was observed for the lying down configuration of CuPc molecule. In lying down
configuration, the π-orbital cloud of CuPc molecule overlaps with graphene, and
electron transition takes place readily. Also, it induces larger interfacial dipole,
which magnifies the molecular polarizability. This shows that different molecular
interactions are highly dependent on molecular orientation and stronger interaction
gives rise to stronger enhancement [62].

10.5.4 Graphene–metal hybrid SERS substrate

As graphene does not exhibit SPR in visible wavelength region, it does not show EM
effect and thus graphene itself cannot form an efficient SERS-active substrate with
single molecule detection capability. Therefore, the effort to develop a highly
sensitive SERS-active substrate with stable, reproducible and clean fingerprint
Raman peaks is now progressing towards the development of graphene–metal
hybrid SERS substrate. Graphene–metal SERS substrate can take advantage of
both metal substrates (EM) and graphene (CM). As graphene provides large surface
area and can prevent metal nanostructures from oxidation, these hybrid SERS
possess additional qualities such as high chemical stability, superior molecule
adsorption and suppressed fluorescence background. The sensitivity of the substrate
mainly depends on distribution density and inter-particle distance of metal nano-
structures. Depending on the geometry of the hybrid substrate, they are mainly
divided into graphene-supported, graphene-encapsulated and graphene sandwiched
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hybrid substrates [63]. Various forms of graphene such as graphene oxide (GO),
graphene sheets, single-layer graphene, etc have been utilised for the fabrication of
G-SERS substrate.

10.5.4.1 Graphene sheet–metal nanocomposites SERS substrates
Graphene oxide/graphene sheet–metal nanocomposites can be developed through
simple chemical reactions. AgNPs/graphene sheets based SERS substrate is devel-
oped by a galvanic displacement process in which Cu nanoparticles (CuNPs) loaded
onto graphene sheets are replaced by AgNPs [64]. AgNPs of small size (5 nm) enable
the formation of highly sensitive SERS substrate. These graphene sheet/Ag based
SERS substrates are employed for detection of prohibited colorants. A schematic
illustration of synthesis of Ag/graphene sheet hybrid SERS substrate is shown in
figure 10.5 and quantitative determination of 2-thiouracil is demonstrated using as-
prepared hybrid SERS substrates [65]. SERS substrate based on Ag nanoplates
decorated on graphene sheets has been employed for ultrasensitive SERS detection
of organic pesticides [66]. Jiang et al dispersed and anchored AgNPs onto GO
surface and proved that SERS activity for rhodamine 6G is increased by 7.8-fold in
comparison to bare AgNPs-based SERS substrate [67]. Zhang et al reported Ag–
graphene composite nanosheets with adjustable size and well-controlled densities of
AgNPs by one-pot method using poly(N-vinyl-2-pyrrolidone) as a reductant and

Figure 10.5. Schematic illustration of synthesis of Ag/graphene sheets. Reproduced from [65], copyright 2017
with permission from Elsevier.
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stabilizer [68]. Work by Huang and co-workers shows that modifying GO with Au,
improved SERS activity and stability of the substrate. At the same time, it exhibited
enhanced catalytic activity too [69]. Cu/GO hybrid substrate is developed by facile
chemical reduction method. A list of different GO/Ag and GO/Au hybrids
substrates are tabulated elsewhere in a review article [70]. SERS enhancement
mechanism in graphene–Ag hybrid substrate is investigated using rhodamine 6G
(R6G) adsorbed onto the substrate with different sizes of AgNPs. It is observed that
larger metal nanoparticles play major roles in SERS performance of the substrate
[71]. A free-standing hybrid substrate is then developed by vacuum filtration
followed by annealing which enables decreasing the inter-particle distance and
hence increased density of ‘hotspots’.

But these hybrid substrates do not hold the capability to perform as an efficient
SERS substrate with reproducible signal over a larger area and mono/few-layer
graphene can offer many advantages over graphene sheets.

10.5.4.2 Chemical vapour deposition graphene–metal hybrids

10.5.4.2.1 Graphene-supported SERS substrates
Graphene can be easily employed as a supporter and as a molecule enricher by
simply depositing with a metal thin film or decorating graphene with metal
nanostructures. Graphene–metal hybrids using Au, Ag and Cu nanostructures
have been widely developed as SERS substrates [72]. Morphology, arrangement
and location of metal nanostructure in the composites and the connection type of
metal and graphene play a significant role in performance of SERS substrate. Metal
nanostructures can be deposited easily via in situ method, self-assembly, thermal
evaporation etc. Wang et al reported dependence of Au film thickness on SERS
activity of G-SERS [73]. Chemical vapour deposition (CVD) grown single-layer
graphene on Si/SiO2 substrate is deposited with Au film with different thickness. It is
optimized that 7 nm thick Au film over graphene produces maximum SERS activity
and weakest photoluminescence background, which proves the effectiveness of
graphene for PL quenching and for boosting SERS activity. Wang et al observed
single molecule detection capability of Au nanopyramids–graphene hybrids [74]. Au
nanopyramids with high density of ‘hotspots’ are fabricated via wafer-scale
templating technology and single-layer graphene is then transferred onto sharp
Au nanotips.

AuNPs are decorated onto a graphene layer by dipping the graphene layer in Au
chloride solution, and these graphene–Au SERS substrates act as a high-sensitivity
substrate for sensitive and multiplex DNA detection [75]. DNA can be easily
immobilised onto a graphene surface with the help of AuNPs, and DNA with a
concentration of 10 nM is detected. The large planar surface of CVD-grown
graphene film opens up the possibility of simultaneous detection of many more
types of DNA on the same SERS substrate with single-laser excitation.
Figures 10.6(a)–(c) illustrate the preparation of Au/graphene hybrid SERS substrate
and its use for multiplex DNA detection.

Recent Advances in Graphene and Graphene-Based Technologies

10-13



SPR of Au nanorods can be easily tuned along the visible spectrum and can be
matched with laser excitation wavelength for Raman spectroscopy. Therefore, Au
nanorods have great potential to be used as SERS substrate, in graphene–metal
hybrids.

Three types of pesticides are detected using an Au nanorod–graphene-based SERS
substrates [76]. In this work by Nguyen et al, SERS activity of graphene–Au film–Au
nanorod (G–Au–AuNR) substrate, Au film–Au nanorod (Au–AuNR) substrate, and
graphene coupled with Au nanorods (G–AuNR) are compared and it is verified that
SERS activity is highest for G–Au–AuNR system. These G–Au–AuNR substrate
offers a lightweight and flexible platform for SERS application in food safety.
CVD-grown graphene monolayer is transferred onto AuNP arrays synthesized by
electron beam evaporation through anodic aluminium oxide. It was identified that
graphene boosted the density of hotspots, enabled SERS analysis with well-defined
molecular interaction and improved the reproducibility of SERS signal [77].
Development of a large area quasi-continuous SERS substrate is challenging using
traditional top-down approach and that limits its practical applications. This is
overcome by employing cold-etching method and Au–graphene hybrids are developed
through a controllable break-up of a thin Au film and then transfer of graphene on to
the periodically distributed nanoscale Au tips formed by cold-etching method [78].

Srichan et al proposed two distinct mechanisms, namely multiple cascaded
amplification and collective excitation, to explain SERS enhancement on AgNPs
over graphene. In their study AgNPs are sputtered onto graphene surface for different
sputtering time to control the density of AgNPs [79]. The enhancement factor
estimated using multiple cascaded amplification model is given by equation (10.5):

A AEF ( ) ( ) (10.5)m l
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Figure 10.6. Schematic illustration of (a) decoration of AuNPs onto CVD-grown graphene, (b) detection of
target DNA by graphene–Au hybrid SERS substrate, and (c) multiplexing detection of two different target
types of DNA by graphene–Au hybrid SERS substrate. Reprinted with permission from [75], copyright 2012,
American Chemical Society.
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where lν is the incident light frequency and Am and Ag are, respectively, SERS
enhancement factor for metal and graphene. The electric field enhancement of metal
nanoparticle on metallic surface (ESP) and electric field enhancement of metal
nanoparticles on graphene (EG) are related as follows:
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where Gϵ the dielectric constant of graphene, r the radius of the metallic nanoparticle
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where 0λ is the wavelength of incident light, α fine constant, EF is the Fermi energy
of graphene and rε is the dielectric constant of medium. Putting all the constant
values, it is estimated that Ag ~ 100. Hence the contribution of graphene to total
enhancement in metal hybrid substrate is estimated to be 104.

A SERS-based chemical sensor is developed using three-dimensional micro-
porous graphene foam (GF) decorated with AgNPs. It is demonstrated that EF of
AgNPs/GF sensor is four orders of magnitude larger than that of AgNPs/Si
substrate. The SERS sensitivity is also tuned by controlling AgNPs size [79]. In
the work by Sidorov et al, graphene layers are deposited from highly oriented
pyrolytic graphite (HOPG) onto Si/SiO2, and the Ag and Au nanostructures with
different morphologies are grown by seed-mediated method [80]. Hexanethiolate-
coated Au monolayer acts as seed for the growth of Ag nanostructures.

A more sensitive graphene–metal hybrid substrate can be developed using metal
alloys as it can utilize the advantage of both metal nanostructures. For example, Ag
nanostructure has higher scattering cross-section as compared to Au and Cu and
uniform sized/shaped AuNPs can be more easily synthesized. Therefore, a metal
alloy structure can be a potential candidate for hybrid SERS substrate with ideal
performance. Ag–CuNPs are wrapped by a monolayer graphene layer grown on
SiO2 and highly reproducible SERS signal are observed, and detection of nucleo-
sides extracted from human urine also demonstrated using these hybrid substrates
[81]. Even though electron beam lithography offers fabrication of SERS substrates
using uniform shaped and sized metal nanostructures, controlling the inter-particle
space to nano or sub-nanometer dimension to maximise EF is still challenging. Also,
the density of ‘hotspots’ that can effectively contribute to total EM enhancement is
much less in these 2D patterned substrates. Placing atomic flat graphene layer
between two metal layers offers flexible integration of graphene and metal. Li et al
proposed a novel nanoparticle–film gap system by adding graphene as a sub-
nanospacer between AgNP and Ag film [37]. Zhao et al introduced a monolayer
graphene between AuNPs and Ag nanohole arrays to develop an efficient 3D SERS
substrate, and these substrates utilize the large scattering cross-section of Ag, high
chemical stability of Au and atomic flatness, biocompatibility and flexibility of
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graphene to promote SERS for practical applications [82]. A detection limit of 10−13

M R6G molecules is achieved using these substrates and good reproducibility and
stability is achieved. A flexible G-SERS substrate based on AuNP/graphene/AuNP
(AuNP/G/AuNP) sandwich geometry is fabricated on polyethylene (PE) film
through self-assembly. Detection of thiram at very low concentration on the surface
of orange peels is also carried out using these flexible substrates that proves the
effectiveness of G-SERS tape substrate for in situ detection in food safety and
environmental monitoring (figures 10.7(a)–(c)) [83].

Graphene hybrid SERS substrates are not only limited to metal nanostructures
but can be developed using semiconductors. Graphene–semiconductor hybrid
composites, exhibit superior optical and electrical properties that lead to enhanced
performance of batteries, solar cells and sensors [70, 84, 85]. Kuo and Chen
developed a graphene–semiconductor hybrid SERS substrate using TiO2 and Au
and demonstrated the graphene thickness controls the CT site and hence SERS
enhancement [86]. The CVD-grown graphene is transferred to TiO2/ZnO panel and

Figure 10.7. (a) Schematic of preparation of AuNP/graphene/AuNP ‘sandwich’ SERS substrate.
(b) Demonstration of thiram detection on orange surface. (c) In situ detection of Raman spectrum of thiram
under different conditions using as-prepared substrate. Reprinted from [83], copyright 2019, with permission
from Elsevier. (d) Schematic diagram fabrication of graphene-encapsulated SERS substrate. Reprinted with
permission from [90], copyright 2014 American Chemical Society.
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then it is deposited with AuNPs to form an efficient SERS substrate. A hybrid SERS
structure using three innovative materials, graphene, AuNP dimer and DNA is
developed by Ilko Bald and his group [87]. DNA enables precise arrangement of
metal nanoparticles and analyte molecule, which is an essential criterion for an
efficient SERS substrate. As-prepared substrate is very efficient to suppress
fluorescence and to reduce fluorescent background. The photo-bleaching rate is
also decreased considerably. A substrate that integrates two plasmonic nano-
structures of AuNPs and WS2–nanodomes (WS2–ND) is demonstrated in AuNP/
WS2–ND/graphene heterostructures [88]. The enhanced sensitivity of these hetero-
structures is due to the dipole–dipole interaction at the interface. The same group
explored a high sensitive non-metallic SERS substrate based entirely on 2D atomic
materials using a rationale design of intermixed WS2 nanodiscs (WS2NDs) and
MoS2 nanodiscs (MoS2NDs) on graphene [89].

10.5.4.2.2 Graphene-encapsulated SERS substrate
Stability of SERS substrate can be improved by coating the metal nanostructures
with a ultra-thin shell, termed as shell-isolated surface-enhanced Raman scattering
(shell-isolated SERS), which prevents metal–molecule interactions. The inert shell
should be very thin so that there won’t be any loss of EM enhancement from metal
and pinhole-free for complete isolation of metal and molecule to avoid unwanted
interactions between them. Due to its unique properties, graphene is identified as a
good candidate for shell-isolated SERS substrate and can offer a Raman spectrum
with a clear baseline due to the reduced photo-carbonization and photo-bleaching.

A typical preparation technique for graphene-encapsulated SERS substrate is
given in figure 10.7(d). Graphene with a controlled number of layers can be grown
on the surface of metal nanoparticles via CVD [90]. AgNPs are encapsulated by
hydrogen-terminated chemical vapour deposited single-layer graphene, and the high
resistivity of hydrogenated graphene increases EM enhancement in the AgNPs due
to smaller screening effect of the localized electric field. Graphene also protected
AgNPs from reactive and harsh environments and that offers a chemically inert and
biocompatible surface for SERS applications. Graphene-veiled Au substrate is
fabricated using thermal evaporation of Au on SiO2/Si and graphene prepared
from mechanically exfoliated Kish graphite [91]. Cu based hybrid substrate can be
developed using graphene as it can prevent Cu from oxidation which inhibits the
cost-effective Cu nanostructures from employment as SERS substrate. Core–shell
graphene@Cu is deposited onto graphene@Cu via CVD, which possess enhanced
stability and higher sensitivity as CM from graphene also contributing to the total
enhancement. An excellent SERS substrate is fabricated by transferring monolayer
graphene onto CuNPs synthesised on SiO2 by liquor-phase reduction synthesis
(LPRS) method [92]. A SERS-active substrate that can detect 10−16 M human
lactoferrin molecules is developed using silvered porous silicon in which the negative
surface potential of AgNPs helps to attract positively charged lactoferrin molecules.
Graphene is used as a protective layer to prevent the overheating of analyte
molecules and also it improves the SERS sensitivity so that lactoferrin molecules
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with a concentration as low as 10−18 M are carried out [93]. A reproducible
ultrasensitive SERS substrate is fabricated using graphene/CuNP hybrids
(G/CuNPs) system in which CuNPs are wrapped by graphene and adenosine in
serum was detected at a lower concentration of 5 nM [94]. The linear response curve
with the concentration of adenosine is achieved and adenosine detection in a real
human urine sample also carried out. In this system, graphene shell enriches and
fixes the adenosine molecule to the surface and improves its chemical and optical
stability. It is identified that direct-growth method is an efficient way to fabricate
ultrasensitive reproducible graphene-based SERS substrates. Because the graphene
layers can tightly and seamlessly wrap the nanoparticles, that can reduce the loss of
EM enhancement from the metal structures and magnify the CM from graphene
layer. But the direct-growth method is usually carried out at high temperature
(1000 °C) and that can cause the heterogenous size and distribution of metal
nanoparticles which will ultimately affect the reproducibility of SERS signal. Liu
et al introduced a low-temperature growth method to fabricate Cu/graphene double
nanocaps array-based SERS substrate. First, Cu is evaporated onto the surface of a
close-packed array of polystyrene spheres, and then graphene is grown by CVD in
the absence of CH4 using polystyrene as a template and also a source of carbon [95].

10.5.4.2.3 Free-standing flat graphene SERS substrates
Observation of homogeneous SERS signal and SERS quantification on flat thin
polymer layer over metal nanostructures leads to the development of G-SERS
substrate with atomic flatness. As the ‘hotspot’ sites are pushed to the flat graphene
surface, its SERS activity is high as compared to graphene-supported SERS
substrates. The surface adsorption on G-SERS substrate is possible through the
π–π interactions of graphene–molecule and which serve as a new driving force for
surface adsorption. As compared with traditional roughened surface, these flat
surfaces are preferred for many analytical situations. The behaviour of molecules on
a traditional SERS substrate and flat graphene substrate are illustrated in
figure 10.8(a) and (b). Graphene acts as supporter for more controllable molecular
arrangement and helps to reduce the possible disturbances due to metal–molecular
interactions. It is also observed that arrayed hotspot sites should be located close to
flat graphene surface and hence hemisphere structures are more apt for flat graphene
substrate than spheres. This effect is proven by 3D-FDTD simulations on Au
hemispheres and results show that presence of graphene layer causes a one-fold
increase in electric field enhancement and electromagnetic field will not be decayed
due to the presence of graphene layer. Effect of atomic flat G-SERS is also
experimentally verified using Au and Ag based G-SERS substrate [96]. A new
form of flat G-SERS substrate that is flexible, transparent and free-standing
(G-SERS tape) is developed for extended applications. Analytical applications
using G-SERS tape is demonstrated by detection of CuPc molecule adsorbed onto
cauliflower surface (figure 10.8(c) and (d)) [96]. This offers almost freedom from
sample pre-treatments, quicker data acquisition and analysis, less contamination
and is more economical. It is also found that they are reusable and with all these
advantages, G-SERS substrates offer a ‘greener’ way to do SERS.

Recent Advances in Graphene and Graphene-Based Technologies

10-18



10.6 Conclusions
This chapter discusses how graphene works as multi-functional agent for the better
performance of SERS. The chapter introduces SERS technology, its enhancement
mechanism and some SERS prominent applications are given. Then, the role of
graphene in SERS and recent progress in development of G-SERS substrates are
discussed. G-SERS substrate using graphene only, graphene–metal hybrids and their
advantage over traditional metal-based SERS substrates are discussed in detail. A
review on G-SERS substrates that have been used as supporter, nanospacer and as a
protecting layer to enhance the sensitivity, stability and suppress fluorescent back-
ground has been included. It is identified that G-SERS has become an important
material in SERS technology and is progressing towards applications in both
fundamental science and in real-life applications. Hence, the study and development
of G-SERS substrates would advance SERS technology as a facile and vital tool in
future.
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Photonic and optoelectronic applications of
graphene: applications of graphene in solar cells

Susana Sério, Paulo A Ribeiro and Maria Raposo

Graphene’s unique characteristics, together with the simplicity associated with its
synthesis and functionalization, demonstrate immense potential in energy conver-
sion systems and therefore can tackle the increasing energy demands of global
society. This chapter presents an updated revision of the relevant achievements in
the performance of solar cell devices with organic, inorganic or hybrid architectures,
as result of the integration of graphene or its derivatives in their design. It further
highlights the difficulties in practical applications of graphene-based materials as
anode or cathode, hole or electron transport layer, or active layer in a solar cell
device. The studies carried out so far demonstrate a high potential for photovoltaic
applications, showing that graphene-based energy conversion devices are more
efficient compared to those using conventional materials, and point out other
approaches for new applications in this area.

11.1 Introduction
Currently, the global population is almost completely reliant on the use of fossil fuels
such as coal, oil, and natural gas for energy. However, theses type of fuels
substantially enhance the emission of greenhouse gases thus increasing global
warming and therefore are considered to be a threat to global society.
Furthermore, the fossil reserves are drying up fast due to which these types of fuels
are not capable of meeting the future energy demands of mankind. This is why the
scientific community is looking for alternate strategies to effectively generate and
store energy with less or almost no negative impact on the environment, which is
imperative for sustainable development. A review of the literature shows consid-
erable efforts to achieve this task from renewable sources like the Sun, water, wind
etc [1]. Of them, electricity generation and storage using solar energy has attracted
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much attention recently. Solar cells and photo-electrochemical cells have the
potential to be replacements for fossil fuels in many sectors. Considering the
economic aspects and better efficiency compared to other renewable energy
resources, photovoltaic technology will continue to thrive in the coming era as well.

Solar cells were first developed in 1839, when Alexandre-Edmond Becquerel
witnessed the photovoltaic effect by coating platinum electrodes with silver chloride.
When these electrodes were illuminated, it was observed that a potential difference
and an electric current were generated between them [2]. In 1873, Willoughby Smith
discovered that when an electric current was passed through a selenium bar, its
resistance decreased when the bar was exposed to light. This work motivated
W G Adams and R E Day to further analyze this phenomenon, leading to the
observation of photovoltaic effect on solid selenium in 1877. The aforementioned
projects culminated in the production of the first functional photovoltaic solar cell—
consisting of gold-coated selenium—with an efficiency less than 1%, by Charles
Fritts, in 1883 [3]. In 1904, Wilhelm Hallwachs also presented a solar cell, with
semiconductor behavior, formed by copper and copper oxide. The most important
milestone in the development of solar cells occurred in 1954, with the announcement of
the production of the first silicon-based solar cell carried out by a group of researchers
from Bell Laboratories. D M Chapin, S Fuller and G L Pearson managed to achieve
an efficiency of approximately 6%, which exceeded by a large scale all projects
developed so far, with the first generation of solar cells being implemented. This drastic
improvement in cell efficiency was only achieved due to an intensive study of the
properties of these devices, particularly of the p–n junctions.

11.2 Working principle of a solar cell
Solar cells correspond to devices that convert energy from solar radiation into
electrical energy through the photovoltaic effect, and in most cases semiconductor
materials are used in their production. In general terms, this energy conversion is
based on the absorption of the energy of a photon, which leads to the formation of
electron–hole pairs in the semiconductor, and subsequently, the separation of charge
carriers, based on p–n junctions [4]. Creation of p–n junctions is pivotal for the
functioning of solar cells, allowing the photovoltaic effect to occur. This type of
junction is achieved by doping one part of a semiconductor material (such as silicon)
with atoms of a p-type dopant and another part of the same material with atoms of
n-type dopant creating, therefore, two distinct regions.

The n-type region is characterized by having a considerable number of free
electrons, this number (and charge) being equalled by positive ions from the dopant.
Similarly, the p-type region has a certain number of holes, and an equal number of
negative dopant ions. When these two types of materials are linked, electrons
migrate from the n-region to the p-region, and holes migrate from the p-region to the
n-region. This diffusion process will cause an accumulation of positive and negative
ions at the interface of the two regions and, consequently, the creation of an intrinsic
electric field. In turn, the generated electric field triggers the electrons to be attracted
to the positive ions in the n-region and the holes to the negative ions in the p-region,
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creating a flow with opposite direction to that created by diffusion. Figure 11.1
shows a representative scheme of the electrons and holes movement due to diffusion
and intrinsic electric field, which occur between the n-region and p-region in a solar
cell device. These opposite movements of electrons and holes give rise to the so-
called depletion region at the interface of the two materials, where the number of
moving electrons and holes is reduced. Although an electric field is present, the
depletion region is characterized by being highly resistive. When a silicon cell is
exposed to light, each incident photon on the depletion region gives rise to an
electron–hole pair which, due to the cell’s intrinsic electric field, is separated. The
separation of these charge carriers causes a potential difference in the solar cell itself,
in a process called the photovoltaic effect.

A solar cell device is made up of numerous parts, including electrodes, a
photoactive layer, and carrier transport layers. Figure 11.2 depicts a representative
structure of a solar cell device. Each component should embrace particular
characteristics to be a potential candidate for application in a photovoltaic device.
In this regard, materials presenting characteristics such as low sheet resistance, high

Figure 11.1. Electrons and holes movement due to diffusion and intrinsic electric field, which occur between
the n-region and p-region in a solar cell device.

Figure 11.2. Schematic representation of a solar cell device showing the main components.
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transparency and mechanical stability are generally employed as electrodes in photo-
voltaic (PV) devices. For the photoactive layers, the materials should present the
capability to capture a wider light spectrum, have superior charge carrier mobility and
be able to improve the thermal and photochemical stability. The carrier transport
layers, namely hole and electron transport layers, are used to boost the carrier
transport, which is accomplished by reduced hole–electron recombination rate.

In short, when solar light shines on a photovoltaic device several steps occur in the
regions shown in figure 11.2, which are briefly described below.

(i) Exciton formation
Inorganic semiconductors yield free carriers immediately after light

absorption, whereas organic semiconductors require an additional process
called exciton formation. In the case of this latter group of semiconductors,
the absorption of a photon from solar radiation should present energy
greater than the difference between the two energy levels HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied molecular
orbital), to excite an electron from HOMO to LUMO. This process is
analogous to the excitation of an electron from the valence band to the
conduction band in inorganic semiconductors. This photoexcitation leads
to the generation of electron–hole pairs called excitons.

(ii) Exciton transport
After their formation, the excitons will be diffused to the donor–acceptor

interface where they can dissociate and produce separated negative and
positive charges, with the exciton diffusion length being defined by the
maximum distance that the exciton can travel before decaying via radiative
or non-radiative emission, losing its energy.

(iii) Charge separation
To separate the excitons, a donor–acceptor interface must be defined.

This allows the creation of local electric fields, which are formed due to a
potential energy difference between the donor and the acceptor. Knowing
that this excitonic dissociation occurs at the donor–acceptor interface, it is
necessary that the organization of these materials is well defined, in order to
obtain a device with a good performance.

(iv) Charge transport
After separating the charges, it is necessary to transport them to the

electrodes before the charge carriers start to recombine and thus obtain
high-efficiency solar cells. Therefore, it is necessary that the donor and
acceptor materials exhibit high mobility, so that the charge carriers can be
transported towards the electrodes.

(v) Charge collection
The last step includes the collection of charge carriers at electrodes,

which is done by a transparent conductive oxide (TCO) such as indium
doped tin oxide (ITO) or fluor doped tin oxide (FTO), at one side and a
metal contact on the other side. Thus, a built-in-potential barrier in the cell
activates the electrons to generate a voltage, to drive a current through a
circuit.
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Another important issue in the photovoltaic technology is the evaluation of the
solar cell performance, denominated power conversion efficiency (PCE), which is
assessed by the ratio between absorbed photons and amount of generated photo-
current, and can be obtained using the following expression:

= × ×V J
P

PCE
FF

(11.1)OC CC

inc

where Pinc corresponds to the incident photon power, VOC denotes maximum open
circuit voltage, JCC maximum close circuit current and FF is the filling factor which
can be calculated by the expression:

= ×
×

V J
V J

FF (11.2)max max

OC SC

where Vmax, Jmax, VOC and JSC are maximum voltage, maximum current, open
circuit voltage and short circuit current, respectively [5].

11.3 Types of solar cells
Following the discovery of the photovoltaic effect, various types of solar cells
have been investigated and developed in order to achieve high-energy conversion
performance systems. The conversion efficiency of the photovoltaic device
depends on two key factors: solar cell category and materials used in its
manufacture. In the literature, it has been claimed that single-junction crystalline
materials like Si and GaAs, which constitute the first generation of photovoltaic
(PV) cells, can accomplish PCEs around 30% [6]. Despite the fact that there has
been substantial progress in the technology and large-scale production of the
traditional silicon-based solar modules which allowed significant cost savings, this
technology has certain drawbacks, such as materials consumption, low produc-
tion speed and limited flexibility. Therefore, the development of novel solar cell
technologies ironing out the above-mentioned drawbacks is of huge interest to the
industry.

Two decades ago, dye sensitized solar cells (DSSCs) were projected as a low-
priced option to the traditional Si solar cells, especially due to the simplicity in the
fabrication processes. These types of cells correspond to the third generation PV
cells, where innovative approaches in the photovoltaic technology are employed
[7, 8]. In the first generation PV cells, which presently exhibit the highest conversion
efficiency, the electric interface is generated between doped n-type and p-type bulk
silicon [9]. In the case, of second generation PV cells, the devices are based on thin
film technology and consequently the fabrication cost decreases, because these cells
use less material. Nonetheless, they offer lower power conversion efficiency in
comparison with the bulk cells. Moreover, these two types of PV cells are composed
of opaque materials, which require front-face illumination and moving supports to
track the Sun position. The third generation solar cells are implemented by using
nanostructured materials, of pure organic or a mixture of organic and inorganic
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components, which constitute a more environmentally friendly and cheaper gen-
eration of solar cells. The DSSCs, quantum dot solar cells (QDSCs) and organic
solar cells (OSCs) fall under this category [10–12]. This PV cells generation exhibits
lower PCE and stability in comparison with the other generations [13]. Hence, more
investigation is being performed to improve the efficiency and stability of these PV
devices.

The performance of a solar cell is mostly determined by the materials employed in
its production. As a result, numerous materials have been investigated for use in the
production of solar cells. Graphene (Gr), a carbon sheet with a hexagonally packed
honeycomb structure, stands out as having promising features for solar cell
applications. Wrapped graphene is a zero-dimensional (0D) structure called full-
erene, rolled graphene is a two-dimensional (2D) namely carbon nanotube (CNT),
and ultimately stacked graphene leads to three-dimensional (3D) graphite.
Figure 11.3 depicts the evolution of graphene to fullerene, CNT, and graphite
structures [14].

Several synthesis techniques, like mechanical exfoliation, chemical vapor depo-
sition (CVD), solution-processing, among others, have been used to produce
graphene for diverse applications. These methods are extremely important because
they can affect significantly the yield and structure of graphene and consequently
may play a key role on defining its electrical performance. The principal techniques
to produce graphene are represented in figure 11.4. The graphene end products and
reduced graphene oxide (rGO) are also utilized in a variety of applications due to
their outstanding properties.

Graphene and its various composites exhibit unique characteristics that make
them the best choice to address today’s need for more effective materials for
photovoltaic technology, namely:

Figure 11.3. From 2D graphene to 0D fullerene, 1D carbon nanotube and 3D graphite. Reproduced from [14],
copyright 2020, with permission from Elsevier.
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• capture larger spectrum—2.3% of irradiated light is absorbed [12];
• low sheet resistance [15];
• intrinsic electron mobility as high as 25 000 cm2 V−1 s−1 [16];
• high specific surface area (2630 m2 g−1)—facilitates charge collection and
release process and therefore enhances the photovoltaic performance [17];

• easy chemical activity;
• easy functionalization—suitable for photoactive layer in solar cells [18, 19];
and

• high transparency and superior flexibility and stretchability—graphene is the
thinnest material that can transmit up to 98% of light; it can be stretched up
to 120% of its length and return its original shape.

Moreover, the carrier separation and diffusion process is sped up by graphene/
semiconductor Schottky junctions. Consequently, it can be concluded that these
chemical properties of graphene and its various composites can potentiate the
photovoltaic technology performance [20] and therefore are consider as promising
candidates for application in PV devices such as electrodes (anode, cathode, counter
electrode), photoactive layer, Schottky junction and carrier transporter. Figure 11.5
presents the roles that could be played by graphene in several solar cell technologies.

Figure 11.4. Summary of the main methods used for synthesis of graphene.

Figure 11.5. Graphene inclusion schematic for numerous photovoltaic device applications.
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11.4 Graphene applications in photovoltaic devices
The main achievements found in the literature regarding the incorporation of graphene
and its derivatives in several photovoltaic devices are reviewed in this section.

11.4.1 Transparent conducting anode

When graphene is incorporated into a solar cell device as transparent conducting
anode, it can present two functions: window for the photoactive layer and ohmic
contact [21]. The requisites for this PV device component, include high trans-
mittance (Tr) (over 90%) and low sheet resistance (Rs) preferably less than 10 Ω/□
[22]. Typically used ITO and FTO electrodes are expensive in comparison with the
other components used in dye sensitized solar cells [23]. Other disadvantages of ITO
and FTO are the reduced flexibility and stability, which constrains the utilization of
those materials as electrodes [15]. Hence, other materials were investigated to
overcome these drawbacks, such as metallic nanowires and carbon nanotubes
[24–26]. Nevertheless, their surface properties hinder large-scale use. Graphene,
on the other hand, is one of the primary possibilities for applications as electrodes
that might improve the efficiency of a PV system due to its unique properties which
perfectly meets the aforementioned requisites. Although the most perfect combina-
tion of Rs and Tr has not yet been achieved, graphene-based electrodes have been
successfully incorporated into organic, inorganic, dye sensitized, and hybrid solar
cells. [25, 27, 28].

Compared to inorganic solar cells (ISCs), organic solar cells (OSCs) have definite
advantage in terms of flexibility and price. There are also well-established industrial
methods for their large-scale production. However, an OSC’s performance is limited
by the fact that, the ITO which is used as electrode permits the diffusion of metal
ions into the active layer.

Arco et al reported a transparent anode formed of few-layer graphene (1–5 layers)
grown by CVD (CVD-Gr) with Gr/PEDOT:PSS/CuPc/C60/BCP/Al architecture
[28]. This work revealed that the CVD-Gr exhibiting lower Rs (∼230 Ω/□) and Tr

(∼72%) have potentiated an efficiency increase of 1.8% as compared with ITO anode
(PCE 1.27%) [28]. Furthermore, the flexibility of graphene aided PCE because it can
work at a bending angle of 138°, as opposed to ITO, which performed poorly at
bending angles around 60°. The explanation, of the reduced ITO-based device
performance, is due to the fast decline of FF to zero under mechanical stress,
because of the appearance of micro cracks in ITO layer as a result of the bending.

The optical transparency of electrodes has a significant effect on the performance
of flexible OSCs [29]. In that work rGO was used as anode in the rGO/PEDOT:PSS/
P3HT:PCBM/TiO2/Al device. The rGO-based OSCs showed a performance increase
with 1000 bending cycles under 2.9% tensile strain. In another work it is demon-
strated that a hybrid single-layer graphene/ITO (SLG/ITO) electrode displays
greater electromechanical properties in comparison to normal ITO [30]. When
tensile strain surpasses 10%, ITO becomes unstable, whereas the graphene electrode
preserves its excellent features even at 20% tensile strain. The relative resistance of
graphene (ΔR/R0) is approximately 3.28, whereas for ITO it is around 125.91 for
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similar strain value. R0 corresponds to the original lateral resistance for a 1 × 1 cm2

sample and ΔR denotes the resistance variation. The Rs, mobility (μ), and carrier
density (ρ) for various electrode materials are given in table 11.1.

The work of Bi et al shows the use of Gr electrode on CdTe-based photovoltaic
devices, which was produced by the economic CVD method and transferred on a
glass support [31]. The number of CVD-Gr layer(s) was monitored by inlet H2 flow
rate through the process. The CVD-Gr exhibited Rs ∼ 220 Ω/□ and Tr ∼ 84% and
glass/Gr/ZnO/CdS/CdTe/(graphite paste) device accomplished a PCE of 4.17%. In
the work of Bae et al, 30 CVD-Gr monolayers were transferred from a copper foil to
a flexible polyethylene terephthalate (PET) substrate employing the roll-to-roll
technique. In this study the obtained CVD-Gr showed high transparency
(Tr ∼ 97.4%) and low sheet resistance (Rs ∼ 125Ω/□). Subsequently, four Gr layers
were attached by layer-by-layer technique, followed by a doping with HNO3, which
allowed Rs ∼ 30 Ω/□ and Tr ∼ 90% and thus permitted a CVD-Gr with superior
properties in comparison to ITO for PV technology purposes [32]. The PCE values
of solar cell devices with graphene as electrode are summarized in table 11.2. The
reported studies reveal that graphene, and its derivatives offer high transparency and
low sheet resistance together with high mechanic stability, which constitute
important properties for this type of application. It further, shows that the photo-
voltaic devices’ performance is constantly enhancing with the introduction of
graphene and its derivatives in the devices. Hence, graphene and related materials
are advantageous in comparison with the conventional materials normally used as
anodes in photovoltaic technology.

11.4.2 Transparent conducting cathode (TCC)

The TCCs play an important role in defining the performance of PV devices.
Graphene and graphene-based materials are potential candidates as cathodes on
solar cells due to their distinctive characteristics already mentioned, as high
conductivity, ultrahigh mobility and transparency. Recently, reduced graphene
oxide (rGO) was used as cathode in a hybrid photovoltaic device [38]. In this
work, rGO was produced by hydrazine vapor followed by annealing and exhibited a
Rs roughly equal to 420 Ω/□ and Tr close to 61%. After this, the n-type ZnO
nanorod-coating was given to rGO electrode electrochemically. This was followed
by the spin coating of p-type poly 3-hexylthiophene (P3HT) resulting in the

Table 11.1. Sheet resistance, carrier density and mobility for several electrodes. Adapted from [30].

Electrode type μ (cm2 V−1 s−1) Rs (Ω/□) ρ (cm−2)

Gra/ITOb 56.35 76.46 2.551 × 10
15

ITO 32.01 78.34 2.295 × 10
15

ITO/ITO 32.71 78.25 2.366 × 10
15

Gr 1.403 × 104 440.34 5.37 × 10
13

aGr—graphene.
bITO—indium doped tin oxide.
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formation of a hybrid photovoltaic device. The developed device with quartz/rGO/
ZnONRs/P3HT/PEDOT:PSS/Au architecture accomplished an efficiency of 0.31%.
Both, Rs and Tr, are fundamental factors of this type of electrodes and can determine
the solar cell performance. In fact, it was demonstrated that the efficiency of quartz/
rGO/ZnONRs/P3HT/PEDOT:PSS/Au device improved from 0.31% to 0.5% for
quartz/Gr/ZnONRs/P3HT/MoO3/Au device [38, 40]. Thus, it is clear that the
inclusion of CVD-Gr has improved the device properties [50, 51]. Therefore,
graphene has a high potential to substitute the conventional transparent materials
used for photovoltaic applications.

11.4.3 Catalytic counter electrodes (CCEs)

The DSSCs, has a disadvantage in that their catalytic counter electrode is often Pt,
which is highly chemically active and expensive. Graphene is a good substitute to Pt,

Table 11.2. An overview of graphene-based solar cells’ PCE.

Materials Device architecture PCE (%) Reference

rGO Glass/rGO/TiO2/dye/spiro-OMeTAD/Au 0.26 [27]
rGO PET/rGO/PEDOT:PSS/P3HT:PCBM/TiO2/Al 0.78 [33]
rGO-CNT Glass/rGO-CNT/PEDOT:PSS/P3HT:PCBM/Ca:Al 0.85 [34]
CVD-Gr Quartz/Gr/PEDOT:PSS/CuPc:C60/BCP/Ag 0.85 [35]
CVD-Gr PET/Gr/PEDOT:PSS/CuPc:C60/BCP/Al 1.18 [28]
CVD-Gr Quartz/Gr/MoO3+PEDOT:PSS/P3HT:PCBM/LiF/Al 2.5 [36]
TCNQ-Gr Glass/TCNQ-Gr/PEDOT:PSS/P3HT:PCBM/Ca/Al 2.58 [37]
Au-doped Gr Au-Gr/PEDOT:PSS/P3HT:PCBM/ZnO/ITO 3.04 [37]
rGO Quartz/rGO/ZnO/P3HT/PEDOT:PSS/Au 0.31 [38]
Al–TiO2–Gr Au/Gr/Al–TiO2/P3HT:PCBM/MoO3/Ag 2.58 [39]
CVD-Gr Glass/Gr/ZnO/CdS/CdTe/graphite paste 4.17 [31]
CVD-Gr Glass/Gr/PEDOT:PEG/ZnO/PbS/P3HT/MoO3/Au 4.2 [40]
rGO FTO/TiO2/dye/I3-/I1-mediated electrolyte/rGO 4.99 [41]
CVD-Gr FTO/TiO2/dye/I3-/I1-mediated electrolyte/Gr 5.73 [42]
TiN-rGO FTO/TiO2/dye/I3-/I1-mediated electrolyte/TiN-rGO 5.78 [43]
CNT-rGO FTO/TiO2/dye/I3-/I1-mediated electrolyte/CNT-rGO 6.05 [37]
Gr FTO/TiO2/dye/Co(III)/(II) mediated electrolyte/Gr 9.3 [44]
CVD-Gr P(VDF-TrFE)/Gr/PEDOT/PSS/P3HT/PCBM/Ca/Al 2.07 [45]
CVD-Gr Glass/Au-doped SLGNRs/PEDOT:PSS/WO3/SMPV1:

PC71BM/ZNO/PEDOT:PSS/PTTBDT-FTT:
PC71BM/CA/Al

8.48 [46]

CVD-Gr Glass/Pt grids/Gr/TiO2/dye/electrolyte/counter electrode 0.4 [47]
rGO Glass/ITO/HTL(rGO)/active layer/LiF/Al 3.71 [48]
c-Si/GQDs In/Ga/c-Si/GQDs/Au 6.63 [49]

aPCBM—phenyl-C61-butyric acid methyl ester.
b

PCDTBT—poly[N-9″-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)].
cPC71BM—[6,6]-phenyl C 71 butyric acid methyl ester.
dPEDOT:PSS—poly(3,4-ethylenedioxythiophene) polystyrene sulfonate.
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as it can overcome the above-mentioned issues in addition to absorbing a wider
spectrum of wavelengths [27, 52–54]. In table 11.2 are summarized some of the
reported results of graphene application as CCEs. The studies of Mayhew et al,
substituted Pt with functionalized graphene sheet (FGrS) in DSSCs [41]. The
efficiency of FGrS-based solar cell is around 5% which is almost 10% lower in
comparison with Pt-based cell. By applying a bias, the development of the catalytic
effect of the functionalized graphene sheet occurs due to the resistance to charge
transfer and the functional group containing oxygen. Low charge transfer resistance
is achieved by functionalization-induced surface-modification of graphene sheets,
leading to highly conductive flexible CCEs It was also discovered that FGrS ink
casted plastic substrate can act as an effective counter electrode and it could be of
use even in the absence FTO substrate.

Hong et al employed a counter electrode made of thin (60 nm) Gr/PEDOT:PSS
film in DSSC, which was obtained by depositing Gr/PEDOT:PSS aqueous
mixture onto ITO using spin coating technique [55]. The formed Gr/PEDOT:
PSS counter electrode displayed greater graphene electrolytic activity along with
higher PEDOT:PSS conductivity. The developed DSSC with this counter elec-
trode, when exposed to a white light of 100 mW power, showed a PCE around
4.5%, which close to the PCE (~6.3%) obtained when a Pt counter electrode was
used. One decade ago, Zhang et al investigated the application of graphene
nanosheets’ (GrNs) as CCE in DSSCs, to allow the reduction of tri-iodide and
further compared to a Pt-based device [56]. To prepare GrNs counter electrode,
graphite oxide was exposed to hydrazine reduction followed by an annealing
treatment. Subsequently, electrochemical impedance spectroscopy was performed
to explore the electrochemical properties of GrNs and Pt electrodes, annealed at
distinct temperatures. This study further revealed that FF and PCE, were
negatively affected by the charge transfer resistance, Nernst diffusion impedance
and FTO sheet resistance. The charge transfer resistance decreased as a result of
the reduced organic binding initiated by annealing. Moreover, the annealed GrNs
showed a new 3D structure with augmented charge transfer reaction in the
electrolyte by increasing the reaction area and enhancing the adherence among
GrNs and FTO substrate. An inferior PV device performance by the sample
annealed at 450 °C in comparison with the one annealed at 400 °C is due to lower
charge transfer resistance of the former This is triggered by the thermally induced
separation of GrNs and the reduced GrNs–FTO contact. Table 11.3 presents
solar cells performances with GrNs as counter electrode obtained at different
annealing temperatures. Despite, GrNs based devices exhibited higher open
circuit voltage, low PCE are observed for lower close circuit current density
and FF values. It can be concluded that the observed high performance of
photovoltaic devices is mainly related to the simplicity of synthesis procedure,
reduction of charge transfer resistance, and the improvement in both catalytic
activity and flexibility of graphene and its related materials [57].

Recently, in 2019, Wahyuono et al fabricated Gr and MWCNTs bilayers by the
double self-assembly method to be used as counter electrode for a DSSC [58]. This
work revealed that the MWCNTs created random porous networks onto the Gr
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flakes surface and the MWCNT/Gr showed a network of CNTs which are randomly
oriented (84% of the area covered by a graphene monolayer). This study further
showed that the DSSCs based on the Gr/MWCNT counter electrode displayed
superior performance parameters (Voc = 0.62 V, Jsc = 13.3 mA cm−2, FF = 0.49, and
PCE = 4.1%), in comparison to those of the Pt-based solar cells [58]. Moreover, it
was claimed that double self-assembled counter electrodes are mechanically
stable and this allows their recycling for DSSC fabrication without losing the solar
cell performance. In 2020, Wang et al used rGO together with nickel phosphide
(NixPy) as counter electrode in DSSCs to enhance solar cell performance and
obtained higher PCE for NixPy/rGO composites compared to those of the commer-
cial Pt. This result can be due to the high density of NixPy catalytic sites and superior
electrical conductivity of rGO [59]. In the same year, Oh et al proposed a
nanohybrid counter electrode of graphene-based Cu2Zn–NiSe4 (CZNS) with
tungsten trioxide (WO3) nanorods, which was fabricated by the hydrothermal
method and exhibited an exceptional PV performance of 12.16%, which was
superior to the one obtained with a Pt electrode under the same environmental
conditions [60].

As evident from the above discussion there are several reports on substantial and
incremental improvements on the performance of graphene-based counter electrodes
in DSSCs suggesting that new ideas in this field would continue to emerge, which
will eventually provide the required properties for the large-area fabrication of
DSSCs.

11.4.4 Active layer

Graphene can be easily functionalized and therefore is a promising candidate as
active layer in solar cells devices [18, 19]. Moreover, the work function of Gr can be
tuned by the addition of a semiconducting material with similar band structure to
create a Schottky junction [25, 61–64]. Both Gr and rGO can be used as charge

Table 11.3. Comparison of GrNs and Pt-based devices at various annealing temperatures. Adapted from [56].

Counter
electrode

Annealing
temperature (°C)

Rct

(Ω cm2)
Jsc
(mA cm−2) Voc (V) FF (%) PCE (%)

Pt N/A 0.76 18.507 0.714 57.51 7.59
GrNs 250 337.18 14.478 0.697 32.56 3.29
GrNs 300 274.19 16.147 0.680 32.56 4.44
GrNs 350 3.01 16.358 0.742 44.34 5.38
GrNs 400 1.20 16.988 0.747 53.62 6.81
GrNs 450 16.40 14.525 0.672 45.74 4.46

aRct—redox reaction resistance, Rct, at the counter electrode.
bJsc—short-circuit current density.
cVoc—open circuit voltage.
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carrier transporting layers due to high carrier mobility [20, 65–69] and interfacial
layers for tandem solar cells [70–72]. Next, are briefly discussed the graphene
applications within active layer components.

11.4.4.1 Light-harvesting materials
The functionalization of graphene oxide (GO) can be realized using several func-
tional groups in such a way that it enhances the light-harvesting applications. In the
work of Liu et al, the GO functionalization was carried out with phenyl iso-cyanate
and the surface was modified from hydrophilic to hydrophobic [18]. The P3OT/Gr
composite was employed as active layer in a bulk heterojunction (BHJ) solar cell.
The crystallinity of P3OT can be varied through elimination of functional groups
from graphene increasing the annealing temperature. Consequently, was used
T = 160 °C for 20 min to develop the organic solar cell device, which attained a
PCE of 1.4%. The work further demonstrated that functionalized graphene is a
perfect to substitute [6,6]-phenyl C61-PCBM as electron acceptor, allowing the
development of highly efficient OSCs. Fan et al explored the use of graphene and
silicon nanowires (SiNWs) as a light-harvesting material in a Schottky junction solar
cell type [73]. The Schottky junction was formed by coating N-type SiNWs with
graphene layers. In contrast to the Gr/planner silicon device, the Gr/SiNWs
Schottky junction solar cell showed exceptional optical absorption and rapid charge
transfer. The Gr/SiNWs Schottky junction solar cell reached a PCE of 2.86%. The
reported studies found in literature, allowed concluding that Gr based heterostruc-
tures can be a potential candidate for light-harvesting materials to obtain highly
efficient PV devices.

11.4.4.2 Schottky junction (SJ)
Schottky junctions can be formed through the combination of metallic Gr with
semiconductors. Graphene-based Schottky junctions are chosen over traditional
ITO-based Schottky junctions as they allow better flexibility and improved perform-
ance. In this context, electron beam lithography followed by a lift-off process was
employed to developed a CdSe nanobelt SJ utilizing patterned Gr [74]. The obtained
photovoltaic device with open circuit voltage of 0.51 V and a close circuit current of
5.75 mA cm–2 reached a PCE of 1.25%. Miao et al reported Gr/Si Schottky junction
solar cells with high PCE (8.6%) [62], which were obtained by adding a p-type
impurity-bis (trifluoro methane sulfonyl) amide [(CF3SO2)2NH] (TFSA) to gra-
phene via spin coating. The doping led to 70% Gr Rs diminution and a work
function rise, without affecting the transparency. The results showed an increased
Gr/Si efficiency from 1.9% to 8.6%.

Zhang et al employed SiNWs and silicon nano-holes (SiNHs) to engineer Gr/Si
Schottky junction solar cells [75]. SiNHs-based devices outperformed those made of
SiNWs in terms of effective area at similar light absorption rates and giving 8.71%
and 10.30% of PCE, respectively. Recently, Gnisci et al developed n-type crystalline
Si with graphene and graphene-based derivative layer stacks by CVD to obtain a
high-efficiency Schottky junction solar cell [76].
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In short, graphene/semiconductor heterojunction for Schottky junctions solar
cells enables charge separation and diffusion, resulting in performance that is
comparable to that of materials that are typically used.

11.4.4.3 Electron transport layer (ETL)
Enhanced mobility as well as conductivity are characteristics that ETLs require, and
graphene and its composites exhibit these qualities. For rGO–TiO2 composite-based
DSSCs, Yang et al used rGO as the electron transport layer, which demonstrated
improved performance in comparison to CNT–TiO2 composite-based DSSCs [69].
Despite the photogenerated electrons in graphene, composite-based electrodes can
be easily seized and transported, one-dimensional (1D) CNT–TiO2 composite shows
reduced adherence between both materials, leading to a large barrier and therefore
high electron–hole recombination rate. The graphene in the device acts as electron
transport layer, accepting electrons from TiO2 and transferring them to FTO and
thus a low electron–hole recombination rate is accomplished. The best result was
attained with 0.4% rGO coating over TiO2 [69]. Wang et al produced a bulk
heterojunction (BHJ) solar cell with PCDTBT:PC71BM architecture through the use
of flexible GO as ETL [77]. The CVD-Gr was fixed to thermal release tape and an
etching procedure was performed to detach the copper foil. After, it was reacted with
HNO3 to produce GO and subsequently applied as ETL in BHJ solar cell. The GO
layer was stamped with a pressure of 0.2 MPa at a temperature around 80 °C–90 °C
to accomplish good adherence among GO layer and BHJ, leading to an increase in
PCE from 5.9% to 7.5% for PCDTBT/PC71BM device.

Graphene-based flexible ETL oxides produced by atomic layer deposition (ALD)
have huge impact in high-performance perovskite solar cells. Nevertheless, ALD
oxide growth on graphene is challenging. According to Xu et al, flexible perovskite
solar cells made with ALD oxides are extremely effective. They also claimed that
molecular layer deposition with ethylene glycol (EG) could contribute active sites to
the graphene surface through van der Waals forces [78]. The ALD–ZnO film was
produced onto EG-functionalized graphene surface, which presented high trans-
mittance, low energy levels, and a superior electron injection capability. The EG–

graphene/ZnO-based perovskite solar cells displayed a PCE of 133.9%, which was
much higher than that of the graphene/ZnO-based perovskite solar cells.

In this way, graphene-based materials enhance electron transport mechanism,
leading to an increase of mobility and conductivity and therefore allowing a better
performance of PV devices.

11.4.4.4 Hole transport layer (HTL)
As graphene displays outstanding electron transport layer properties, GO and its
composites also constitute promising candidates as HTLs in PV devices. Kim et al,
for P3HT:PCBM-based solar cells explored the combination of a few micron of GO
with single-walled carbon nanotubes (SWCNTs), as HTL [79]. The hole transport
conductivity exhibited remarkable increase because of the incorporation of
SWCNTs to GO. The hole transport resistance was reduced as a result of the
GO:SWCNTs arrangement, improving the transfer rate from the photoactive layer
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to the anode. Another team employed a spray process to grow rGO to be used as
HTL in a polymer solar cell and reached a PCE of 3.71% at 400 °C [48], revealing a
potential alternative for application as transport layers in polymer solar cells. Wu
et al studied the ambipolar transport properties of graphene as HTL in an inverted
planar heterojunction perovskite solar cell [80]. The coating of the perovskite film
onto Gr enabled the extraction of holes, enhancing crystallinity, surface coverage
area, crystal orientation and a PCE of 12.40% was found.

The work of Li et al showed a decrease in the recombination rate of electrons and
holes as well as the current leakage, which was accomplished with a GO film with
2 nm of thickness inserted among ITO and P3HT:PCBM as HTL, instead of
PEDOT:PSS [24]. The GO was produced with a neutral aqueous solution, which
eliminated the likelihood of substrate corrosion at elevated temperatures along with
water contamination in the active layer, leading to a better performance in
comparison to a PEDOT:PSS-based device. It was found that GO thickness is a
key factor in the performance device, being higher for lower thickness. This research
further revealed, that the recombination rate evidences a decreasing tendency in
comparison to ITO under different lighting powers and therefore the device life is
prolonged. More recently, in 2016, Lee et al explored the possibility of GO/PEDOT:
PSS as hole transport layer in a planar heterojunction perovskite photovoltaic device
with ITO/HTL(GO/PEDOT:PSS)/CH3NH3PbI3/PCBM architecture attaining a
PCE of 9.7%, which is greater than the one exhibited by the conventional
PEDOT:PSS (PCE = 8.2%) [81]. The GO large bandgap (∼3.6 eV) leads to the
blocking of the electrons, increasing the shunt resistance and consequently the PCE.

All the results published up to now have revealed that graphene and its derivatives
are promising candidates for photovoltaic generation, because of the increase of hole
extraction and electron blocking, reduced electron–hole recombination rate, and
improved PCE of photovoltaic devices.

11.5 Conclusions
The main advances made in photovoltaic technology by incorporating graphene and
its derivatives into the photovoltaic devices in a bid to make them suitable for future
applications are highlighted in this chapter. Several studies have been published
regarding the role of graphene as transparent electrodes, CCEs, SJs and material for
active layer in different solar cells architectures. It is clear from the review that
graphene is an ideal material for transparent electrodes with low Rs and high Tr in
organic, inorganic and hybrid solar cells devices. For DSSC devices, the functions of
graphene as a CCE and a carrier transporting layer have been investigated.
Furthermore, graphene has been seen to be used as HTL in perovskite solar cells
to enhance the hole transfer rate. Therefore, it is clear from the literature that adding
graphene to photovoltaic devices improves their performance and increases their
ability to convert sunlight into power. It has also been investigated whether
graphene could be used to create flexible and robust photovoltaic devices.

A thorough examination of graphene-based materials and their properties, as was
covered in this chapter, presents a tremendous opportunity to address the difficulties
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associated with energy conversion. There have already been many discoveries
regarding the fundamental characteristics of graphene, but there are still many
new discoveries to be made regarding the properties of materials based on graphene
and their use in photovoltaic technology.
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Graphene is a two-dimensional (2D) carbon material that has outstanding elec-
tronic, optical, thermal, chemical, and mechanical properties. Its application such as
in transparent conducting electrodes (TCEs) has been extensively investigated for
the realization of a new class of inorganic and organic light-emitting diodes (LEDs/
OLEDs). In this chapter, a brief overview of commercially available and recently
demonstrated TCEs will be given. Then, a discussion on the metrics of the TCEs will
be presented. Next, several methods of TCE fabrication will be reviewed. This is
followed by a detailed review of hybrid TCEs made of graphene and other materials
such as carbon nanotubes, conducting polymers, and metal nanostructures. The
effects of different graphene-based electrodes on the performance of LEDs/OLEDs
will be discussed in detail. Finally, a summary with a brief discussion on the
prospects of graphene-based TCEs will be presented.

12.1 Introduction
Inorganic and organic light-emitting diodes (LEDs/OLEDs) are attracting huge
attention as the source of light for next-generation lighting and display applications.
As the display technology, the LEDs and OLEDs offer numerous advantages such
as brilliant colors, lower power consumption, faster response, light weight, and wide
viewing angle over the existing liquid crystal display technology [1, 2]. In the case of
lighting applications, the LEDs/OLEDs are thin, glare-free, and emit light in a wide
spectrum covering from ultraviolet to near-infrared regions [3–7]. In comparison to
the performance of the general-purpose lighting (efficiency~4% from incandescent
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and~17% from fluorescent lamps), the reported efficiency of ~20% from LEDs/
OLEDs has revolutionized the lighting industry and their market is aimed to reach
around 95 936 million USD in 2025 [8]. The cost and the performance of the LEDs
and OLEDs are influenced by their device structures. In the device structure, the
electrodes are a crucial component. In LED/OLEDs, the electrodes are placed in the
form of transparent conducting films made of nanomaterials. The transparency and
electrical conductivity of these TCEs affect the device performance [9].

Conventionally, ITO (indium tin oxide; In2O3-SnO2; 74% In, 18% O2, 8% Sn)
thin films (~140 nm) are being used as transparent conducting electrodes (TCEs) in
LED/OLEDs due to their high electrical conductivity (sheet resistance~15–20 Ω/□)
and high transparency (~90%). However, they have some limitations, for example:
(i) the diffusion of indium into the active layers of the devices, which degrades the
device performance over time; (ii) high refractive index that causes high trapping of
light in the waveguide mode; (iii) high processing cost; (iv) chemical instability in
acids and alkalis; (v) fragile nature; and (vi) poor transparency (20%) in the UV
region [10–14]. Due to these issues with conventional ITO TCEs, alternative TCE
materials having similar optoelectrical properties are demanded.

As the ITO-substitutes, various materials like conducting polymers, metallic
nanowires (NWs), carbon nanotubes (CNTs), and graphene have been widely
investigated [9, 15–20]. Among these materials, graphene has attracted attention
as the viable TCE for existing as well as next-generation LEDs/OLEDs, because of
its outstanding properties such as very high transmittance (~98%), high stability,
high flexibility, high quantum electronic transports, high thermal conductivity
(~5000 W (m·K)−1), high mobility (~200 000 cm2 V−1 s−1) at room temperature,
and electrical resistivity in the range of 1–6 kΩ/□ [12, 21–25].

In this chapter, we cover the graphene-based TCEs for LEDs and OLEDs
applications. We highlight the TCE metrics at the beginning. Afterwards, we discuss
the fabrication methods such as chemical vapor deposition (CVD), solution-
processing, layer-by-layer (LBL) assembly to produce graphene TCEs with different
structural and optoelectrical properties. We also present some strategies to produce
highly conductive graphene-based hybrid TCEs for achieving high device perform-
ance. Later, we review the device performance of inorganic and organic LEDs with
different graphene-based TCEs. A summary is presented in the end with the
prospects to be considered for future opportunities.

12.2 Metrics of transparent conducting electrodes
12.2.1 Optoelectronic property

High transmittance and high electrical conductivity are the crucial requirements for
an ideal TCE for optoelectronic applications. In addition, the TCE materials must
be practically colorless, low-priced, and non-toxic. The formation of tailored
interfaces between TCE and active electronic material is also an essential require-
ment. From the physics point of view, a material with high carrier concentration (n)
and mobility (μn,p) must exhibit high conductivity as given by equation (12.1),
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σ μ= qn (12.1)n, p

where q is the elementary charge. The electrons are more mobile than the ions due to
their small effective mass. This indicates that the good conducting materials have
electrons as the charge carriers. The equation (12.1) empirically suggests that the
mobility and carrier concentration can be increased to achieve enhanced conduc-
tivity however, n is limited by the absorption of light by free carriers (electrons in
good conductors), which can be understood by classical Drude theory as equations
(12.2) and (12.3) [26],
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where λ, ω, ε, ℏ, andm* are the wavelength, plasma frequency, material permittivity,
modified Plank’s constant, and effective mass of the carriers. So, the strategy of
limiting the carrier concentration and increasing the carrier mobility can be very
effective to develop high-performance electrodes. Low surface roughness and high
adhesion should also be considered for the development of high-performance
graphene-based TCEs [14, 27, 28].

12.2.2 Figure of merit (FoM)

FoM is a quantified trade-off relationship between the optical property (trans-
mittance, T) and electrical property (sheet resistance, RS) of a TCE. In other words,
the FoM sets a standard that could quantify and compare the optoelectrical
properties of different TCEs [29]. FoM relates the DC conductivity (σDC) to optical
conductivity (σop) and the transmittance in the visible wavelength range is displayed
as a function of sheet resistance as defined in equation (12.4) [30, 31] and shown in
figure 12.1.
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where Z0 is vacuum impedance (377 Ω) [32]. Transmittance is typically measured in
the visible range at a wavelength of 550 nm. The σ σ/DC op ratio can be maximized for
high transmittance at a particular sheet resistance and high values of σ σ/DC op results
in the desired properties (high T, low RS). The minimum optoelectronic industry
standard for a substitute material to replace conventional ITO-based electrode is a
sheet resistance lower than 100 Ω/□ coupled with a transmittance higher than 90%
in the visible spectrum. This indicates that material thin films showing FoM higher
than 35 can be viable alternatives of ITO TCEs for optoelectronic applications.
However, for most current-driven applications, a more stringent condition of RS

that should be lower than 10 Ω/□ (at T = 85%) is necessary. This substantiates the
requirement that FoM should be greater than 220 [30].
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12.3 Fabrication of graphene-based transparent conducting
electrodes

12.3.1 CVD-grown graphene TCEs

CVD is a technique used to deposit the gaseous reactant onto the transition metal
substrates like nickel (Ni), palladium (Pd), and copper (Cu) [33]. Using CVD,
impervious and very high-quality graphene thin films can be achieved [34]. Thin foil
sheets of copper or nickel are used as the catalytic substrate to grow the graphene
nanostructure. Methane (CH4) is used as the precursor gas. In a typical synthesis
process, the catalytic substrate is annealed up to 1000 °C in the presence of H2 gas,
as shown in figure 12.2(a) [35]. The precursor gas is then flowed into the CVD quartz
tube chamber to begin the graphene growth on the catalytic surface. During cooling,
the carbon precipitates on catalytic substrate to form graphene nanostructure
(monolayer or multilayer). The synthesized graphene films are later transferred to
transparent substrates using the polymer-assisted wet-transfer method to prepare
TCEs, as shown in figure 12.2(b). For single-layer graphene (SLG), copper is a
highly preferred substrate because carbon has very low solubility in the copper
substrate, whereas carbon solubility in nickel or palladium catalytic sheet is very
high and causes the formation of a combination of monolayer, bilayer, and
multilayer nanostructure in the grown graphene film.

High-quality SLG was first demonstrated on the polycrystalline copper substrate
by Ruoff et al [36]. This attracted the attention of the research community because
of the advantages of good control of graphene layers, ability to transfer and low
cost. Today, a variety of different CVD methods are available that can be employed
to synthesize graphene-based materials. The optoelectrical properties of CVD-
grown graphene TCEs vary according to the processing parameters like temper-
ature, precursor nature, pressure, growth duration, gas flow state, and activation

Figure 12.1. Transmittance versus sheet resistance of different graphene-based TCEs. Reproduced with
permission from [30], Copyright 2010, American Chemical Society.
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manner [37]. The SLG TCEs have shown high optical transmittance (~98%) and
high intrinsic carrier mobility (~2 × 105 cm2 V−1 s−1) that make them excellent TCE
choices for LED/OLED applications [38]. However, atomic thin SLG has a high RS

(~1000 Ω/□) [39].
Ease of setup in research laboratories, successful long-term use in industrial

settings, and the potential to scale up fabrication make CVD a popular approach for
producing high-quality graphene [40, 41]. Moreover, the CVD technique is highly
compatible with the existing complementary metal-oxide-semiconductor (CMOS)
technology but it has some limitations. For example, controlling the thickness of
graphene film is challenging and secondary crystals are formed during the growth
process. In the CVD method, expensive substrate materials are required for growing
graphene. This limits its applicability for large-scale production. Nevertheless, the
CVD technique has emerged as a significant method for the mass production of
graphene with fewer electronic and structural defects or disorders. In consideration
of both ecological and cost factors, the CVD approach is among the best available
routes for the synthesis of graphene-based materials [42].

12.4 Solution-processed graphene derivative-based TCEs
A graphene derivative like graphene oxide (GO) is commonly synthesized by
modified Hummer’s method [43–45]. Various other graphene derivatives such as
reduced graphene oxide (rGO), functionalized graphene oxide, can be produced by
the chemical reduction of GO. In this chemical reduction process, different organic
and inorganic reducing agents, for example hydrazine hydrate, ascorbic acid,

Figure 12.2. (a) CVD growth and (b) transfer processes for fabricating graphene TCE [35]. Reproduced [35]
with Creative Commons Attribution 3.0 Unported, Copyright 2013, InTech.
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sodium borohydride, glucose, hydroxylamine, hydroquinone, amino acids, pyrrole,
urea, and alkaline solution have been explored [46–51]. Chemical reduction of GO,
offers easy surface modification and surface functionalization of thin films and their
coatings. Easy dispersion and deposition on different target substrates make the
solution-processed graphene TCEs suitable for light-emitting device applications.

The large-scale production of electrodes made of graphene derivatives can be
done by depositing the GO sheets on target substrates followed by its reduction by
thermal and chemical methods [48, 52, 53]. The easy dispersion of GO facilitates a
large-area film. Various deposition methods such as spin coating, spray coating, dip
coating, electrophoretic deposition, and Langmuir–Blodgett (LB) assembly have been
used for developing TCEs. Among them, spin coating, and spray coating are the most
convenient methods. However, the partial agglomerations in solution-processed GO
suspension and wrinkles in coated thin films are unavoidable. The TCEs-based on
solution-processed graphene are easy to process, low in cost, and have excellent
stability, but they have higher RS (0.8–43 kΩ/□) than that of metal-based thin TCEs
that exhibit the same level of transparency (71%–95%) [43, 50, 54, 55].

12.5 Doped and layered graphene TCEs
In doped graphene TCEs, the graphene thin films are doped or decorated with
chemicals, for example, gold chloride (AuCl3), nitric acid (HNO3), or triethyloxo-
nium hexachloroatimonate (OA). In layered graphene TCEs, the LBL assembly or
stacking of undoped or doped single-layer or multilayer graphene TCEs are
prepared to develop the TCEs. These electrodes have shown high optoelectronic
properties. For example, Li et al prepared doped graphene electrodes by soaking
CVD-grown and wet transferred graphene thin film into triethyloxonium hexa-
chloroantimonate (OA)/dichloroethene solution [12]. This p-type chemical doping of
graphene significantly reduced the sheet resistance of CVD-SLG (80% reduction,
~200 Ω/□) with negligible deformation in its structure, as illustrated in
figure 12.3(a). The transmittance of used doped TCE was found to be ~95% at
550 nm wavelength as depicted in figure 12.3(b). The work function of graphene

Figure 12.3. (a) Raman spectra and (b) transmittance of graphene TCE doped with OA chemical. Reproduced
from [12], copyright 2013, with permission from Springer Nature.
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TCEs can also be modified by such chemical doping. The enhancement of ~0.4 eV in
the work function of SLG was observed after OA doping. In another study, Han
et al developed the layered TCEs by doping the multilayer graphene (four layers)
using nitric acid HNO3 [56]. Such chemical doping of layered graphene is found to
be very effective in achieving high optoelectrical (RS~54 Ω/□ and T~88%) and
electronic properties (work function~4.6 eV).

Recently, Xu et al developed a chemically modified multilayer graphene (MLG)
TCE [57]. They developed the graphene-based TCE by assembling three layers of
AuCl3-doped SLG. In the development process, the CVD-grown graphene film is
repetitively transpired to newly grown graphene after etching the catalytic Cu substrate
using ferric chloride and doping the film using gold chloride solution, as shown in
figure 12.4. The AuCl3 doped MLG TCE was found to be very effective in achieving
high sheet resistance (150 Ω/□) and optical transparency (~91%). 82% enhancement in
the electrical conductivity was observed from such a TCE arrangement.

12.6 Graphene-based hybrid transparent conducting electrodes
In order to improve the optoelectrical and electronic properties of CVD-grown
SLG, its various hybrid structures with inorganic and organic materials have been
widely explored. The graphene-based hybrid TCEs are categorized as follows.

Figure 12.4. The procedure of preparing the doped multilayer graphene TCE. Reproduced [57] under Creative
Commons Attribution License 4.0, Copyright 2017, Springer.
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12.6.1 Hybrid TCEs of graphene with metal oxides and ultrathin metals

The hybrid structures of CVD-SLG with oxide semiconductors have been found
efficient in achieving high optoelectrical properties. The introduction of a thin layer of
metal or metal oxides improves the electrical conductivity and work function of SLG
with a trade-off of optical properties. Ag (silver), MoOx (molybdenum oxide), WO3

(tungsten trioxide) have been studied to improve the optoelectronic properties of SLG
TCEs. Li et al developed the hybrid TCE of graphene with Ag, and aluminum-doped
zinc oxide (AZO) by depositing thin films of AZO and Ag onto CVD-grown graphene
[58]. For preparing the hybrid structure, thin layers of Ag (~10 nm) and AZO (~50 nm)
were deposited on the graphene using magnetron sputtering, as shown in
figure 12.5(a). The hybrid TCE of graphene/Ag/AZO exhibited optoelectrical proper-
ties (T~80%,RS~10Ω/□, FoM~160) as presented in figure 12.5(b). Another advantage
of the presence of thin metallic film and oxide layer is that they smoothen the surface
of hybrid TCE (see figures 12.5(c) and (d)). By such hybridization, around a 20%
reduction in the surface roughness was noticed.

In another case, graphene and metal oxide-based hybrid TCE was developed by
depositing the tungsten trioxide (WO3) thin film of graphene thin film surface.
Kuruvila et al introduced a WO3 thin layer (3–5 nm) of using thermal evaporation
on graphene TCE to improve the electrical conductivity of graphene TCE [59]. By
this hybrid scheme, ~60% reduction in the sheet resistance (300 Ω/□ at 90%
transparency) of graphene TCE was noticed (see figures 12.6(a) and (b)) and showed
its TCE FoM~11.62. A strong p-doping was also evident when comparing the work

Figure 12.5. (a) Development process, (b) transmittance, and (c) surface profile of graphene/Ag/AZO hybrid
TCE. Reproduced from [58], copyright 2013 with permission from Elsevier.
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function difference. After employing a thin layer of transition metal oxide on a
graphene film, the work function of hybrid graphene/WO3 TCE was enhanced by
~1 eV. However, the amorphous character of the metal oxide layer at different
thicknesses (0.5 nm, 3 nm) was shown during the microscopic study, as displayed in
figure 12.6(c).

Recently, Lee et al used a different technique to develop the hybrid TCE of
graphene and metal oxide. They spin-coated molybdenum oxide (MoOx) nano-
particle suspension onto CVD-grown graphene thin films with a post-annealing
treatment (100 °C, 30 min) for preparing the hybrid TCE, as shown in figure 12.7
[60]. The optoelectrical properties of the hybrid TCE in the LBL assembly of
graphene (two layers)/MoOx (12 nm)/graphene (two layers)/MoOx (12 nm) were
found to be very promising (RS~96 Ω/□, T~85%, FoM~23.2) for electrode
applications. The work function of hybrid TCE was also increased by 0.6 eV,
indicating the reduction of in the energy barrier at the interface of graphene/MoOx

and the upper polymeric layer. Such reduction in the energy barrier can achieve
efficient hole injection into the active layer of OLED.

12.6.2 Hybrid TCEs of graphene with conducting polymers and metal nanostructures

Combinations of graphene with some nanomaterials such as conducting polymers
and metal nanowires have been investigated to prepare hybrid TCEs for LED/
OLED applications. The synergistic effect of a unified hybrid structure plays an

Figure 12.6. (a) and (b) Sheet resistance variation of SLG on various tungsten trioxide thin film thicknesses. (c)
SEM image of graphene/WO3 hybrid TCE. Reproduced with permission from [59] copyright 2014, Royal
Society of Chemistry.
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efficient function in realizing the high electrode properties of graphene-based TCEs.
For instance, Shin et al developed the hybrid TCE structure of graphene and
conducting polymer by depositing PEDOT:PSS (poly(3,4-ethylenedioxythiophene):
polystyrene sulfonate) on the patterned graphene grown by CVD [61], as shown in
figure 12.8(a). After applying the conducting polymer, the uniform surface mor-
phology of the hybrid TCE was observed with a lower sheet resistance (~90 Ω/□ at a
T~92.8%) and FoM~37.56. This suggests a 15-fold increase in the electrical

Figure 12.7. Development process and energy levels of MoOx/graphene hybrid TCE. Reproduced with
permission [60], Copyright 2017, IOP Publishing Ltd, all rights reserved.

Figure 12.8. (a) Development process, (b) transmittance and energy levels of graphene/conducting polymer
hybrid TCE. Reproduced from [61], copyright 2013, with permission from Elsevier.
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conductivity of graphene-based TCE after introducing the conducting polymer in
their LBL structure. The work function of graphene-based TCE was also increased
to ~5.0 eV after hybridization of it with the PEDOT:PSS as depicted in
figure 12.8(b).

Xu et al employed a different strategy to improve the electrode properties of
graphene-based TCEs [62]. They prepared a hybrid of graphene, PEDOT:PSS, and Ag
nanowires (NWs) by transferring the CVD-grown SLG onto the conducting polymer
deposited, hot-pressed silver nanowires-based thin film. A schematic of this hybrid-
ization scheme is illustrated in figure 12.9(a). The surface properties of TCE were
improved by heat treatment and metal oxide coating. A smooth surface (~9 nm) with
higher wettability was achieved when the TCE was passing through hot-press followed
by TiO2 coating, as shown in figure 12.9(b). The graphene/PEDOT:PSS/AgNWs TCE
(~100 nm) demonstrated low RS~30 Ω/□ at T~88%, indicating TCE FoM~95.2 as
shown in figure 12.9(c). In comparison to SLG TCE, ~94% improvement in electrical
conductivity can be achieved by this hybridization scheme.

12.6.3 Hybrid TCEs of graphene with carbon materials

Both graphene and CNT have good thermal stability, remarkable electronic and
mechanical properties. The hybridization of graphene with CNTs can prevent the
aggregation of carbon materials and realize the synergistic effect between graphene
and CNTs [63]. In hybrid nanostructure, graphene fuses with CNTs. By such fusion
(chemically bonded sp2 carbons), an interconnected conducting network of totally

Figure 12.9. (a) Preparation process, (b) SEM image, and (c) transmittance of graphene/conducting polymer/
silver nanowires hybrid TCE. Reproduced [62] with Creative Commons Attribution 4.0 International license,
Copyright 2017, Nature Publishing Group.
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carbon nanostructures is formed, wherein, graphene provides a two-dimensional
conducting channel for charge carrier movement [27, 63, 64]. This improves the
electrical conductivity of TCE and inhibits the possible oxidation of CNTs [65, 66].

As illustrated by Kumar et al the graphene/CNT hybrid transparent thin film can
be prepared by a one-step method using thermal CVD (T-CVD) [27]. In the process,
the catalytic copper template coated with CNTs is placed in a T-CVD chamber for
graphene synthesis. At high temperatures (~1080 °C), the methane gas which acts as
a carbon source decomposes into carbon ions which later form a 2D surface across
the dispersed CNT network on the catalytic copper template. After the wet-transfer
process, the TCE of graphene/CNT is prepared on the transparent substrate, as
shown in figure 12.10. Such CVD-based hybrid TCE preparation offers the high
optical property of the electrode. The graphene/CNT hybrid TCE showed high
transparency (96.6%) with good electrical conductivity (RS~300 Ω/□) and TCE
FoM~36. Additional surface modification like partial decoration of hybrid TCE can
enhance the electrical conductivity with a little compromise with the electrode’s
transparency (RS~100 Ω/□, T~96%, FoM~88). In another case, Kang et al also
obtained good optoelectrical properties of CNT/graphene hybrid TCEs (T~88%,
RS~533 Ω/□) and FoM~6 [64]. The CNT/graphene junction contacts are improved
by directly synthesizing the graphene nanostructure across the CNT network using
CVD and this expedites the charge transport that improves the electrical conduc-
tivity of hybrid TCEs [67, 68].

Figure 12.10. Development process and transmittance of graphene/CNT hybrid TCE. Reproduced from [27],
copyright 2019, with permission from Elsevier.
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12.7 LEDs and OLEDs with graphene-based TCEs
A substantial understanding of the fundamental properties of graphene-related
materials (GRMs) and TCEs has led to the fabrication and integration of numerous
state-of-the-art device configurations of LEDs and OLEDs. The present research
trend is headed for developing several sustainable lighting and display technologies
that aim for higher emission efficiency and lower power consumption. The focal
point has been on the integration of graphene-based TCEs with LED structures, or
bottom-up/top-down fabrication of OLED structures on these TCEs in order to
boost the device performances, owing to their unique properties of high trans-
parency, conductivity, high carrier mobilities, high current transport and high
stability.

In the development of inorganic LEDs (table 12.1), Tae Hoon et al [69] were
among the early groups to demonstrate graphene TCEs for GaN-based LEDs. The
structure of the LED is as illustrated in figure 12.11(a). At an injection current of
20 mA, the fabricated LED with graphene TCE showed ~6 V forward voltage (VF)
much higher than the 3.5 V forward voltage of LED with conventional ITO TCE
(see figure 12.11(b)). The higher forward voltage of graphene-LED is attributed to
the higher sheet resistance of graphene-based TCE. However, graphene-LED
showed light output power (LOP) that was ~25% higher than the ITO-LED (see
figure 12.11(c)). The higher LOP of graphene-LED than that of ITO-LED is
attributed to higher transparency and more uniform current spreading of gra-
phene-based TCE. Relatively higher and more uniform electroluminance (EL) was
observed in graphene-LED than ITO-LED (see figure 12.11(d)).

Subsequently, MLG films were investigated as TCEs for GaN-based LED [70].
The MLG film (RS~108 Ω/□) was utilized as the effective current spreading layer in
LED. However, the LOP of MLG-LED was affected due to its low transparency.
Among SLG, MLG, and Ni/Au-based TCEs, MLG schemes showed the lowest VF

of 3.1 V at 20 mA. In order to improve the device performance of GaN-based LEDs,
doped graphene TCEs have also been explored. Choe et al [71] demonstrated MLG
doped with gold nanoparticles (AuNPs) as a TCE for GaN-based LED. AuNPs
doping of graphene-based TCE was found to be essential in terms of achieving lower
sheet resistance (20 mM AuNP/MLG~105 Ω/□, MLG~1 kΩ/□) and high work
function (AuNP/MLG~5.12 eV, MLG~4.42 eV). These improvements in graphene-
based TCE resulted in the increased hole injection and higher efficiency of graphene-
LED compared to the LED with undoped MLG TCE. The doped MLG TCE-based
LED showed a VF of 3.86 V that was found to be lower than the undoped MLG
TCE-based LED (VF~5 V). In another case, HNO3-doped MLG TCE was explored
in realizing high optical power for GaN-based LED [72]. The work function of
graphene-based TCE was also increased to ~5 eV after doping with HNO3 solution.
Reduction in the work function difference between graphene TCE and p-GaN layer
further reduced the forward voltage of the LED, resulting in the attainment of lower
VF~5.4 V (at 80 mA).

Apart from doped graphene TCEs, graphene-based hybrids TCEs have also been
explored for GaN LEDs. For example, GaN LED with hybrid TCE of graphene/
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silver nanowires (AgNWs) showed two-fold higher LOP and lower VF (~6.5 V at
20 mA) than the LED with pristine graphene TCE (~12V) [73]. The improved device
performance is attributed to the barrier height reduction between hybrid TCE and
p-GaN as well as ~50% reduction in sheet resistance of hybrid TCE (~365 Ω/□) in
comparison to pristine graphene TCE (~800 Ω/□). In graphene/AgNWs hybrid
nanostructures, AgNWs bridge the gaps between the graphene defects and this
improves the electrical conductivity. In another case, Kang et al investigated the
performance of hybrid TCE of graphene and CNT in GaN LED by fabricating the
hybrid TCE using CVD, wherein the grown graphene was fused across CNT
networks [64]. A four-fold enhancement in LOP and lower VF (~5 V) was obtained
for LED with graphene/CNT hybrid TCE in comparison to the LED with pristine
SLG (see figure 12.12). The improved device performance is attributed to the
enhanced current spreading (lateral) across the graphene/CNT hybrid TCE (RS~500
Ω/□, T~90%). Recently, graphene/copper (Cu) NWs TCE was investigated for
achieving high device performance of GaN-based LEDs [74]. The hybrid TCE
fabricated using low-temperature CVD showed high optoelectrical properties
(RS~37 Ω/□, T~89%). In addition, a remarkable oxidation barrier was observed
in hybrid TCE wherein, the multilayer graphene sheets work as the passivation
layers to prevent Cu NWs from the possible oxidation. 2.6 times higher EL intensity

Figure 12.11. (a) Illustration of GaN-based LEDs with graphene TCE. (b) Current–voltage (I–V) and (c) LOP
—injection current characteristics of LEDs with conventional ITO and graphene TCEs. (d) Photographs of EL
from LEDs with ITO (I) and graphene TCEs (II) at different injection currents (0.1, 1 mA). Reproduced with
permission from [69] The Japan Society of Applied Physics. Copyright IOP Publishing Ltd. All rights reserved.

Recent Advances in Graphene and Graphene-Based Technologies

12-15



was achieved by the blue LED (VF~4.6 V) with graphene/Cu NWs hybrid TCE
compared to the LED (VF~4.5) with conventional ITO TCE.

In OLEDs developments (table 12.2), Wu et al were one of the early groups
demonstrating that graphene-based TCEs can be effectively used for OLEDs [54].
The graphene-based TCE was developed by the reduction of GO using the solution-
process technique (Hummers method) followed by spin coating the material on the
transparent substrate. The basic OLED structure with ~7 nm thick solution-
processed graphene TCE (RS~800 Ω/□, transparency ~82%) realized ~300 cd m−2

luminance (at 11.7 V) and turn-on voltage (Von) ~4.5 V, power efficiency ~0.5 lm
W−1, and external quantum efficiency (EQE)~0.2. The performance of the OLED
with graphene TCE (solution-processed) was observed to be comparable to that of
commercial ITO-OLED (luminance ~300 cd m−2 at 9.9 V, Von~3.8 V, power
efficiency ~0.3 lm W−1, EQE~0.3), possibly due to the optoelectrical properties
differences in both TCEs as illustrated in figures 12.13(a) and (b).

After the successful demonstration of solution-processed graphene TCEs for
OLED, different graphene-based TCEs were also explored [12, 56, 75]. Sun et al
fabricated OLEDs with CVD-grown MLG (RS~310 Ω/□, T~85%) as anode TCE
without any polymer interface layer [75]. MLG TCE-based OLED device showed
the Von~4 V, maximum luminous current efficiency ~0.75 cd A−1, and maximum
power efficiency ~0.38 lm W−1, which were found to be comparable with conven-
tional ITO-OLEDs. High leakage current was noticed from this OLED without
polymer interface due to (i) the surface roughness, and (ii) mismatching in the work
functions of anode TCE and active polymeric layer. Further, some other groups also
worked on the performance-improvement of OLED devices with graphene-based
TCEs. For example, Han et al used doped graphene TCE as anode and devised the
gradient hole injection (GraHIL) layer in OLED for reducing the work functions
mismatch between graphene-based anode (work function ~4.4 eV) and hole trans-
port layer (NPB, work function ~5.4 eV). The GraHIL was prepared by mixing the
PEDOT:PSS and perfluorinated ionomer (PFI) such as tetrafluoroethylene-per-
fluoro-3,6-dioxa-4-methyl-7-octenesulphonic acid copolymers [56]. The advantage
of using the GraHIL in OLED is that it provides a work function gradient

Figure 12.12. (a) I–V and (b) LOP characteristics of LEDs with CNT/graphene hybrid and graphene TCEs.
Inset shows the optical microscopic image of LED with CNT-graphene hybrid TCE. Reproduced with
permission [64], Copyright 2016, AIP Publishing.
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throughout the hole injection layer, that increases the efficient hole injections. The
performance of the fabricated OLED (advanced structure) with MLG (four layers,
T~87%) doped with AuCl3 (RS~30 Ω/□) or HNO3 (RS~54 Ω/□) and GraHIL was
observed to be superior (fluorescent OLED—37.2 lm W−1, phosphorescent OLED
—102.7 lm W−1) to that of ITO-OLEDs (fluorescent OLED—24.1 lm W−1,
phosphorescent OLED—85.6 lm W−1). Similarly, Li et al demonstrated the white
and green OLEDs (advanced structures) with triethyloxonium hexachloroantimo-
nate (OA)-doped SLG TCEs (RS~200 Ω/□, T~95%) [12]. The green (current
efficiency >240 cd A−1) and white (current efficiency >80 cd/A) OLEDs with doped
SLG TCEs outperformed the OLEDs with conventional ITO TCEs as shown in
figures 12.13(c) and (d). The improved performance of these OLEDs is credited to
high hole injection from doped graphene-based TCE to the emission layer and
reduction in the efficiency roll-off.

Moreover, several graphene-based hybrids as TCEs have been discovered to
achieve high OLED performance. The OLED with hybrid TCE of graphene/metal
thin layer/doped semiconductor oxide was demonstrated to realize a stable light
emission with maximum current efficiency of ~1.5 cd A−1, maximum luminance
(Lmax) of ~1150 cd m−2, and Von~6 V [58]. In the graphene/Ag/AZO hybrid TCE,
the 11 nm thin layer of Ag enhances the electrical conductivity of graphene, and the

Figure 12.13. (a) Current density–applied bias–luminance (J–V–L) characteristics for an OLED with graphene
and ITO TCEs. Inset shows the fabricated OLED structure. (b) External quantum and luminous power
efficiencies. Reproduced with permission [54], Copyright 2010, American Chemical Society. (c) and (d) Power
efficiency and current efficiency of green and white OLEDs with OA-doped SLG and ITO, respectively.
Reproduced from [12], Copyright 2013, with permission from Springer Nature.
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50 nm thick AZO layer provides the smoothening of the hybrid TCE surface. In
another example, Xu et al developed the graphene/PEDOT:PSS/AgNWs hybrid
TCE for OLED (basic structure) that achieved maximum luminous efficiency of
~2 cd A−1 with Von~4.5 V and Lmax~5000 cd m−2 [62]. The graphene/PEDOT:PSS/
AgNWs hybrid TCE-based OLED demonstrated higher device performance than
pristine graphene-based OLED. The high device performance of hybrid TCE-based
OLED is attributed to the reduced sheet resistance of the hybrid TCE and the
additional reduction in surface roughness offered by the PEDOT:PSS layer.

Later, Kumar et al devised the hybrid TCE of SLG and CNTs to achieve high
device performance of graphene-OLEDs [27]. The graphene/CNT hybrid TCE
partially decorated with AuNPs showed high electrical conductivity (~100 Ω/□)
while maintaining its high transparency (96.5%). After introducing the AZO buffer
layer with graphene/CNT hybrid TCE, the fabricated OLED (basic structure)
demonstrated current efficiency ~2.1 cd A−1, Von~5 V, Lmax~650 cd m−2, as
presented in figures 12.14(a) and (b). The combination of fusion of graphene with
CNTs and AuNP decoration accumulatively reduces the sheet resistance and
improves the work function of graphene-based TCEs. This leads to attainment of
higher device performance of hybrid TCE-OLED compared to pristine graphene-
OLED. The thin AZO layer in hybrid TCE provides high surface smoothening and

Figure 12.14. (a) J–V–L and (b) current efficiency–current density characteristics of graphene-CNT hybrid
TCEs-based OLEDs (inset: device structure). Reproduced from [27], Copyright 2019, with permission from
Elsevier. (c) J–V–L characteristics and (d) efficiencies as a function of luminance for OLEDs with hybrid TCEs
of graphene (five layers)/DMSO-doped highly conductive polymers (inset: illuminated OLED device with
hybrid TCE at low brightness). Reproduced with permission [76], Copyright 2021, The Royal Society of
Chemistry.
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high wettability to CVD-grown graphene hybrid TCE. Recently, the hybrid
structure of multilayer graphene (five layers) and doped conducting polymer
(DMSO-doped PEDOT:PSS) has been investigated as TCE for OLED [76]. The
OLED with CVD-grown graphene with highly conductive polymer (RS~80 Ω/□,
T~83%) demonstrated high device performance (Lmax~19 000 cd m−2, Von~3.5 V,
current efficiency ~76 cd A−1, power efficiency ~61 lm W−1) as illustrated in
figures 12.14(c) and (d). The device performance of OLED with graphene (five
layers)/35 nm DMSO-doped PEDOT:PSS hybrid TCE outperformed the ITO-based
OLED. The higher device performance of hybrid TCE-based OLED is possibly due
to the high hole injection that is caused by the high work function and low sheet
resistance of hybrid TCE.

1,1-bis (di-4-tolylamino)phenyl (cyclohexane) (TAPC); 1,4,5,8,9,11-hexaazatri-
phenylene hexacarbonitrile (HAT-CN); 4′-tri(N-carbazolyl) triphenylamine:iridium
(III) bis(4,6-difluorophenyl)-pyridinato-(N,C2)(picolinate) (TCTA:FIrpic); 2,6-bis
[3′-(N-carbazole)phenyl]pyridine:iridium(III) bis(4,6-difluorophenyl)-pyridinato-
(N,C2) (picolinate) (DCzPPy: FIrpic); 1,3-bis(3,5-dipyrid-3-yl-phenyl)benzene
(BmPyPB); lithium fluoride (LiF); aluminum (Al); Copper(II) phthalocyanine
(CuPc), N,N′-bis(naph- thalen-2-yl)-N,N0-bis(phenyl)-benzidine (b-NPB); tris-(8-
hydroxyquinoline) aluminum (Alq3).

12.8 Summary and prospects
In this chapter, several graphene-based TCEs for LED/OLED devices are discussed.
For a viable TCE, among the important design parameters that need to be
optimized are surface conductivity and transparency. These parameters are captured
inside a FoM to ease the evaluation of high performing TCEs. Based on the FoM
that we have extracted, high quality graphene-based TCEs can be produced using
CVD technique. Furthermore, the FOM can be improved by hybridizing the CVD
graphene with nanomaterials such as metal thin films, oxide semiconductors,
conducting polymers, and other carbon nanomaterials. By interchanging the nano-
layer structure, the FOM of graphene-based TCE can reach nearly the FoM of a
commercially available ITO-based TCE. It is clear that the performance of LEDs/
OLEDs with graphene-based TCEs has approached that of conventional ITO-based
TCE. However, there are some practical points that need to be considered before
graphene-based TCEs are accepted for commercial use. Most important of these are
the techniques to consistently mass produce high-quality large-area graphene-based
TCEs at low cost. These need to be addressed in order for the use of graphene-based
TCE to take off in the near future.
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Chapter 13

Graphene-based sensors

Anshul Kumar Sharma, Sagar Sardana and Aman Mahajan

The environment we are living in contains various kinds of potentially dangerous
pollutants, volatile organic compounds (VOCs) and toxic gases such as ammonia
(NH3), nitrogen dioxide (NO2), carbon monoxide (CO), nitic oxide (NO) and
chlorine (Cl2) etc, and there have been increasing demands for real-time monitoring
of these toxic gases, which can be acquired by designing sensors that are flexible,
cost-effective, with ease of use and integration. The fabrication of effective and
efficient devices for monitoring harmful and toxic gases present in the environment
is a challenge in the sensor industry. As a member of the carbon family, graphene
having hexagonal arrangement of carbon atoms making a one-atom-thick planar
sheet, along with its outstanding electronic and mechanical properties, has captured
significant research interest in the development of different types of graphene sensors
for environmental and health monitoring. However, from the viewpoint of practical
applications of graphene, economical process is required in the synthesis of high-
quality graphene. It is worth noting that the expensive cost of large-scale graphene
synthesis has led to the development of reduced graphene oxide (rGO), a two-
dimensional carbon-based material with adjustable optical and electrical properties.
Furthermore, combining graphene with metal oxides, noble metal nanoparticles
(NPs), and organic semiconductors enhances gas sensing properties while also
increasing selectivity for a certain type of target analyte. This book chapter focuses
on the advancements done in the development and fabrication of different kinds of
graphene sensors and their application in detection of different hazardous gases.

13.1 Introduction
Concerns about air pollution, medical diagnostics and national defence have
prompted the creation of sensors that can detect chemical species in the atmosphere
[1]. When it comes to identification, the human nasal sensory system possesses a
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remarkable range of flexibility and sensitivity. Humans are capable of recognising
and distinguishing hundreds of various odours fast. However, smell detection can be
difficult at times due to the lack of uniqueness in the chemical basis of most odours
and the toxicity of chemicals. To protect people’s safety and health, gas sensors are
required to manage and monitor these dangerous gases. Without sensors, significant
advancements in industrial and environmental monitoring and control will be
unattainable. The ultimate goal is to create sensors that have enough selectivity
and sensitivity to detect a wide range of compounds at appropriate concentration
levels. A sensor is a device that comprises an active sensing material and a signal
transducer that detects events in the physical environment and replies with an
electrical, mechanical, or optical signal as an output. The most basic example is a
domestic mercury thermometer, which detects temperature and responds with
measured liquid expansion. Sensors are utilised in a variety of applications,
including touch-sensitive elevator buttons and touch-sensitive lamp dimmer surfa-
ces, as well as countless unseen sensors used in medicine, robotics, aircraft, and other
fields. Gas sensors are among the various types of sensors that are used to record the
air quality in the environment and to spot harmful pollutants [2]. It’s worth noting
that a gas sensor is a device that converts gas concentration data into electrical
impulses. Sensitivity, selectivity, detection limit, response and recovery are different
types of parameters that can be used to define the performance of a gas sensor.
Sensor sensitivity is measured in Hz ppm−1 or Hz/vol percent, and represents the
degree of change in response to a specific analyte concentration [3]. Furthermore,
sensor selectivity refers to a sensor’s capacity to identify one species from another in
the presence of several analytes. The detection limit, also known as the limit of
detection (LOD), of gas sensors is the smallest amount of gas that the sensor can
detect. The adsorption and desorption speeds of a sensor with regard to the detected
analyte are referred to as response and recovery time, respectively. These character-
istics differ depending on the type of sensing material employed in the gas sensor and
the detecting technique [3]. Further, in sensor technology, sensing materials play an
important role in detecting and distinguishing different types of pollutants in
environmental processes. A variety of materials have been used in the creation of
gas sensors. As sensing materials, a wide range of materials such as semiconductor
metal oxide [2], carbon nanotubes (CNTs) [4] and graphene [5] have recently been
investigated. Due to their high sensitivity and quick reaction time, metal oxide
semiconductor (MOS) gas sensors are the most widely used gas sensors in the world
[2]. The MOS gas sensors’ detecting process is ascribed to changes in electric charge
carriers produced by oxidation or reduction reactions at the metal oxide’s surface.
They do, however, have the drawbacks of a short life, low selectivity, and a high
working temperature. Sensitivity isn’t enough when it comes to precise measure-
ment. The specific surface area, which is the total surface area of a material per unit
of mass, is a crucial indication of material gas sensitivity. Nanomaterials’ high
particular surface area promotes gas molecule adsorption, increasing the sensitivity
of gas detection. Among carbon-based materials, graphene due to its two-dimen-
sional (2D) structure and extraordinarily high surface area has shown excellent
detecting capability in gas sensors. The adsorption and desorption of gaseous
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molecules on the graphene surface, results in changes in graphene’s electrical
conductivity and has a significant impact on its electrical properties (depending
upon the oxidizing and reducing nature of gas molecule) [6]. However, due to its
high sensitivity to many gaseous molecules, graphene has been used as a gas sensor
to detect hydrogen, carbon monoxide, ammonia, ethanol and oxygen. However, as
discussed earlier, the electrical properties of graphene are highly influenced by the
molecules that are adsorbed on its surface, and it has very low signal disturbance
compared to typical gas sensors due to its unique structure. Graphene has a high
specific surface area and strong electron mobility, making it a suitable gas sensing
material. As a p-type semiconductor, graphene has numerous holes and exhibits the
pull electron effect in a gaseous environment. Gas molecules will undergo mild
hybridization and coupling with the electron on the surface after being adsorbed by
graphene, causing the fermi level to go up and down in tiny increments. The
condition of electron or hole doping alters the fermi level, resulting in graphene
conductivity variations. As a result, graphene is especially good at detecting
adsorbed small molecule gases. The relative location of the electron energy level
orbit of the system determines the donor and acceptor. The gas molecules function
as a donor for electrons if the valence band of the adsorbed gas is higher than the
fermi surface of graphene; on the other hand, if the valence band is lower than the
fermi surface of graphene, the gas molecules work as a sink for electrons. As a result,
graphene is an excellent choice for gas sensing, particularly for identifying single
molecules. However, because pristine graphene has a small number of active groups
on its surface, chemisorption of gas molecules onto the surface are limited, and
recovery is sluggish. Another strategy for improving recovery speed and selective
sensing toward a target gas is graphene surface modification [5, 7]. Graphene, as an
active sensing material or as the channel material in a field-effect transistor, is a
potential material for the development of high-sensitivity sensing devices. In this
chapter, a comprehensive review on the most essential aspects of graphene like
sensor fabrication process, sensing mechanism and its performance for various types
of gas sensors, such as strain sensors, gas sensors, electrochemical sensors, and
optical sensors, are highlighted (figure 13.1).

13.2 Graphene-based chemiresistive sensor
Chemical sensors are devices that detect the presence of analytes, which are specific
chemical compounds. The chemical sensor’s recognition element detects the
presence of certain chemical compounds, which are turned into a quantifiable signal
by a transducer, with the resulting signal’s value directly proportional to the
analyte’s concentration. Chemical sensors are divided into chemiresistive and
electrochemical sensors, which are developed to promote widespread use of
chemicals in a variety of industries, including food, biomedical, pharmaceuticals,
and industrial safety, as well as environmental protection and security. For practical
applications, an ideal gas sensor must have high responsiveness, excellent selectivity,
quick response/recovery, high stability/repeatability, room-working temperature,
cheap cost, and ease of fabrication. Chemiresistors have the advantage of being able
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to detect a wide range of analytes due to the sensor’s adjustable layer characteristics.
A schematic depiction of the chemiresistive gas sensor and typical response curve
showing the variation of resistance of sensor as a function of time are shown in
figures 13.2 and 13.3, respectively

Furthermore, chemiresistive sensors are easier to manufacture, use less power,
and have a longer operational life than electrochemical detectors [8, 9]. They show
promise as candidates for ultra-low molecular concentration detection in a non-
invasive, continuous healthcare monitoring strategy, with the potential to detect and
indicate significant physiological states by recognising target gaseous analytes [10].
Nevertheless, a wide range of materials such as carbon-based materials like CNTs
and graphene, conducting polymers, inorganic and organic semiconductors have
extensively been utilized for gas sensor fabrication. Metal oxide (MOx) sensitive
films, such as tin or titanium oxide, are often used in chemiresistors, and they require
a high temperature for gas detection [11]. Furthermore, operating at high temper-
atures might cause structural reorganization, affecting the repeatability of such
sensors. In addition to the high power consumption, adding a heater and

Figure 13.1. Presentation of different applications of graphene sensors.
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temperature sensor to the device raises the net cost of the gadget. In addition, when
subjected to high temperatures, some test gases can burst into flames, posing a fire
hazard. These high temperature gas sensors are not recommended for use in the
home or office due to the considerable risk connected with them. As a result,
operating temperature has a significant impact on sensing qualities and market
demand. To counter these drawbacks, room temperature (RT) sensors have been

Figure 13.3. Schematic response curve of a chemiresistive gas sensor.

Figure 13.2. Schematic of a chemiresistive gas sensor.
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created, which are significantly safer, more cost-effective, use less power, and can
reproduce for longer periods of time. Other carbonaceous materials, such as CNTs,
fullerenes, and graphene, have recently sparked interest in gas sensing technology
due to their superior structural, optical, and electrical capabilities, as well as their
low operating temperatures. Graphene for gas sensors has recently attracted a lot of
attention, owing to its exceptional electrical conductivity, great thermal and
chemical durability, and high mechanical strength. It’s worth noting that the
graphene gas sensor’s mechanism is based on a change in conductance induced by
gas molecules adsorption on the graphene surface, which alters the carrier concen-
tration/density of the graphene surface. Pointedly, oxidizing gas molecules remove
electrons from the graphene surface and hence increase the majority carrier
concentration on its surface that results in drop in resistance due to lower
recombination probability, whereas electron–hole recombination increases in the
presence of electron-donating gas/vapor molecules, lowering effective hole concen-
tration on the graphene surface and increasing resistance value. A lot of work has
recently resulted in a significant advancement in the development of graphene gas
sensors for ammonia detection. Gautam and his colleagues performed ammonia gas
sensing characteristics of graphene produced by chemical vapor deposition (CVD),
and have found that sensitivity and recovery were enhanced by deposition of gold
(Au) NPs on the surface [12]. Furthermore, hydrogen (H2) has sparked a lot of
interest as one of the most significant industrial chemicals and a possible source of
clean energy in the future. Johnson and colleagues have reported a new Pd-
functionalized multilayered graphene nanoribbon network having exceptional
sensitivity to H2 at ppm levels. However, a rapid response and recovery time at
room temperature were attributed to noble metal alteration and porous material
structure. Khurshid et al [14] under different humidity conditions have studied NH3

gas adsorption properties on graphene oxide-based sensor with sensitivity device
about 45%–58% as the NH3 concentration is changed from 100 to 400 ppm.
Furthermore, noble metal nanostructures hybridized with graphene exhibit high
catalytic activity due to their size effect and graphene accelerates the catalytic
process by transferring of the electrons. Phan et al [15] have synthesized Pd
nanocube–graphene hybrid via a simple chemical method which exhibits improved
sensitivity due to the controlled morphology and the size of noble metals. The as-
developed resistive-type sensor can detect hydrogen in the range from 6 to 1000 ppm
at room temperature. The response values at room temperature, 50 °C and 100 °C
for 1000 ppm of H2 are 13%, 10.4%, and 9.2%, respectively. Also, metal-oxide/
graphene hybrids are found to be a promising material because graphene can control
the size and the morphology of metal oxides during synthesis [16]. Meng et al [17]
have demonstrated SnO2/graphene hybrids using chemical method which exhibit a
very attractive improved response to benzene and ethanol compared to a traditional
SnO2. Shi et al [18] have developed a chemically modified graphene-based chemir-
esistor sensor for NO2 detection. The fabricated sensor exhibits 4–16 times enhanced
response with high sensitivity, selectivity and reversibility toward NO2 in compar-
ison to that of rGO, indicating that the presence of functional groups plays a
significant role in the sensing process. Mackin et al [19] have demonstrated
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a compact sensor system competent in monitoring hundreds of graphene sensors in a
fast and easy fashion. The functionalization of graphene is observed to increase the
sensitivity towards ammonia four-fold over pristine graphene sensors. Smith et al [6]
have demonstrated graphene-based carbon dioxide (CO2) sensing and its cross-
sensitivity with humidity (figure 13.4). They have shown that cross-sensitivity of CO2

is negligible at typical CO2 concentration present in air. Moreover, high selectivity
to water (H2O) in the presence of other gases is attractive for execution of graphene-
based humidity sensing in ambient air environment. A schematic of binding of CO2

molecules with the graphene surface upon diffusion into the chamber is shown in
figure 13.4(a). The graphene resistance response is found to be varied linearly with
R2 value of 0.9661 with the variation in CO2 concentration (figure 13.4(b)). Upon

Figure 13.4. (a) Schematic of the active graphene sensing area of the device. (b) Resistance response of the
device to changes in pressure. (c) Resistance response to CO2. (d) Response time of the CO2 sensor.
(e) Relationship of the resistance versus the molar volume of CO2 in the chamber. (f) Device sensitivity of
various constituent gases of air. (g) Normalized sensitivity of each gas with respect to its relative concentration
in air. Reproduced [6] under Creative Common Attribution 3.0 Unported License, Copyright 2017, Royal
Society of Chemistry.
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constant chamber pressure, CO2 response of the graphene is found to be very
stable (figure 13.4(c)). Moreover, the device exhibits quick response time as
demonstrated in figure 13.4(d). Figure 13.4(e) shows the variation of the resistance
with the molar volume of CO2 in the chamber. Figures 13.4(f) and (g) describe the
sensitivity for different gases and normalized sensitivity. Table 13.1 list different
rGO based chemiresistive gas sensors.

13.3 Graphene-based strain sensor
Strain sensors have recently received a lot of attention in a variety of applications,
including human motion detection [37], healthcare [38], damage detection [39] and
structural characterization [40] etc. Nevertheless, well established strain sensors are
required for these applications. A strain gauge sensor is a form of sensor in which the
resistance changes as a result of the application of force, and this change results in a
different electrical output. This approach was used to measure pressure, force,
weight, and tension with strain gauges. The strain sensors can simply deduce the
effective force by monitoring the surface strain. Indirect force measurement with
strain sensors may determine huge forces with a small strain sensor at a low cost.
Figure 13.5 shows the schematic of a graphene strain sensor.

Table 13.1. rGO/graphene-based chemiresistive gas sensors.

Sl. No. Sensing material Analyte Concentration
Working
temperature (°C) Response (%) Reference

1. Graphene NH3 75 ppm 150 3.8 [20]
2. AgNPs/rGO NO2 15 ppm RT 40 [21]
3. Pd/Graphene

Al/Graphene
NH3

NO2

100 ppm
1.2 ppm

150 2.04
2.89

[22]

4. Ag/rGO NH3 1 ppm RT 6.52 [23]
5. SnO2/rGO NH3 50 ppm RT 0.92 [24]
6. SnO2 NRs/rGO NH3 200 ppm RT 1.3 [25]
7. TiO2/rGO NH3 10 ppm RT 0.62 [26]
8. TiO2/rGO CO 100 ppm RT 1.12 [27]
9. NiO/rGO CH4 1000 ppm 260 15.2 [28]
10. ZnO/rGO CH4 1000 ppm 190 12.1 [29]
11. ZnO NWs/rGO NO2 5 ppm RT 3.5 [30]
12. ZnO/rGO NO2 1.5 ppm RT 1.1 [30]

H2S 8.1 ppm 0.87
13. WO3/rGO NO2 0.5 ppm RT 1.19 [31]
14. Cu2O NRs/rGO NH3 200 ppm RT 2.04 [32]
15. CuO/rGO NO2 1 ppm RT 14 [33]
16. PTh/rGO NO2 10 ppm RT 26.36 [34]
17. P3HT/rGO NH3 50 ppm RT 12.63 [35]

18. PANI/rGO NH3 100 ppm RT 344.2 [36]
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Strain sensors are commonly constructed using a variety of metals and semi-
conductors. The graphene-based strain sensor works on the idea that when a
mechanical strain is applied, the electrical structure of graphene is altered, resulting
in a change in resistance. Graphene could be a potential option for a highly sensitive
strain sensing material based on this idea. Graphene-based strain sensors also have
unique possibilities for new types of smart wearable applications. The most
significant attribute of a strain sensor is sensitivity, which is commonly given as
gauge factor (GF). The GF is a ratio of the relative resistance change as a function
of applied strain that is used to evaluate the sensitivity of a strain sensor, given by
equation (13.1).

ε
= ΔR R

GF
/

(13.1)o

Here, Ro represents the sensor’s resistance in its original state, ΔR represents the
difference between the stretched state’s resistance (R) and the original state’s
resistance (Ro), and ε represents the mechanical strain. The strain sensor’s sensitivity
increases as the GF grows larger. Diverse types of flexible and very sensitive strain
sensors based on various phenomena such as piezo-resistive, piezoelectric, capaci-
tive, and optical have been reported in recent decades. Among such strain sensors,
piezo-resistive sensors transduce applied mechanical strain into electrical resistance
are widely used for monitoring minute structural deformations due to their feasible
preparation, flexibility, mechanical robustness and the ease of signal processing.
Graphene, on the other hand, has been discovered to be a good material for piezo-
resistive strain sensor because its resistance changes dramatically with applied
pressure, and it has superior elasticity and stiffness with adjustable transparency
for use in flexible wearable devices. Tang et al [41] have demonstrated a low-cost
piezo-resistive sensor fabricated using graphene-nanowalls wrinkle and polydime-
thylsiloxane (PDMS) elastomer, which exhibits high sensitivity and a low limit of
detection. Hassan et al [42] have demonstrated self‑healable strain sensor developed
using graphene and iron oxide composite that exhibits excellent performance
towards applied strain along with outstanding self-healing characteristics. The

Figure 13.5. Schematic diagram of a strain sensor based on graphene.
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operating sensitivity of about 94% has been recovered even after cutting the sensor
with stretchability up to 54.5%. They found that with the increase in amount of the
iron oxide, the performance of the sensor increases and the resistance error
decreases. Figure 13.6 shows the performance of developed sensor with graphene
as the active layer and behaving as a stain sensor along with I–V curves at different
bending diameters.

Fu et al [43] have studied strain dependent resistance in graphene developed using
CVD and observed that resistance first decreases with increase in strain and is then
found to be increased as strain increases with a sensitivity value of 151, which
exhibits the potential towards promising applications as sensor, switches, gauges,
etc. Table 13.2 lists different graphene-based strain sensors.

Figure 13.6. (a) Strain sensor with graphene as the active layer. (b) Current–voltage characteristics. (c)
Bending and relaxing cycles. (d) Response and recovery time. (e) Sensitivity and stretching percentage of
composite. Reproduced [42] under Creative Common Attribution 4.0 International License, Copyrights 2020,
Springer Nature.
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13.4 Graphene-based electrochemical sensor
Electrochemical sensor is a type of sensor in which current is produced by an
electrochemical reaction which occurs due to reaction of an electrolyte with target
gas. An electrochemical sensor works on the idea of detecting the electron that is
transported during an electrochemical reaction. Electrochemical sensors for analytes
in solution are made up of electrochemical cells that are sandwiched between an
active material of the working electrode (sensory unit), the analyte, the reaction
medium, and the electrodes that are employed. Interface techniques are electrolyte
processes in which the electrodes’ polarisation is controlled (cathode and anode).
Two or three electrodes can be used in the electrochemical gas sensor. Figure 13.7
exhibits the principle of a simple two-electrode. A three-electrode electrochemical
cell consists of a working electrode, on which the species involved undergo oxidation
and reduction reactions, a counter electrode (or auxiliary electrode), which com-
pletes the electrochemical system’s electric circuit, and a reference electrode, which
serves as a reference for the evaluation of other measured parameters. Due to their
wide range tunability, strong sensitivity, low cost, and ease of application, electro-
chemical sensors have proven to be superior to other types of sensors. Nevertheless,
potentiometric (change in potential), conductometric (change in conductance),
impedimetric (change in impedance), and voltammetric or amperometric electro-
chemical sensors may all be distinguished based on the electrical magnitude used for
transduction of the recognition event (change of current for an electrochemical
reaction with the applied voltage in the first case, or with time at a fixed applied
potential in the latter). Further, voltammetric methods have one thing in common:
they all entail applying a voltage (E) to an electrode and measuring the current (I)
that flows through the electrochemical cell as a result. The applied potential is
frequently altered or the current is controlled for a set amount of time (t). As a result,
all voltammetric procedures are functions of potential, current, and time (E, I,
and t).

Table 13.2. Different graphene-based strain sensors.

Sl. No. Materials Technique Gauge factor
Maximum strain/
stretchability (%) Reference

1. Graphene/PDMS CVD 151 5 [43]
2. Graphene/paper Inkjet printing 125 1.25 [44]
3. PDMS/CNT mesh Adhesion 4 30 [45]
4. PDMS/Carbon

black
Spin coating 12 30 [46]

5. GWF CVD 35 0.2 [47]
6. Graphene/PDMS Spraying

method
1054 26 [48]

7. Graphene woven
fabric/PDMS

— 223 3 [49]
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The graphene on interacting with oxidizing analytes results in the depletion of
charge carriers, whereas the opposite effect occurs as it interacts with reducing
analytes [50]. There has been a lot of interest in graphene as an electrochemical gas
sensor in recent years. By putting graphene’s unique features into the sensor, it
improves the properties of traditional sensing materials. Weak van der Waals
interaction, hydrogen bonding and charge transfer are all ways through which
graphene atoms might interact with adsorbed gas molecules [51, 52]. The Dirac
point shift and electron concentration variation occurs from these interactions,
which can be detected using an electronic system [52]. It is worth noting that surface
imperfections in modified graphene boost the gas molecule absorption efficiency by
allowing anchoring capacity for a variety of chemical functions [53]. The incorpo-
ration of AuNPs and rGO sheets in molybdenum disulfide (MoS2) to form
AuNPs@rGO–MoS2 hybrid has been reported to enhance the voltammetric
detection of hydroquinone (HQ), catechol (CC) or resorcinol (RC) [54]. They
utilized the cyclic voltammetry (CV) and differential pulse voltammetry (DPV) on
the glassy carbon electrode (GCE) to investigate the oxidation of hybrid towards
HQ, CC and RC. The electrochemical impedance spectroscopy (EIS) study showed
the decreasing semicircle diameter pattern in order of MoS2/GCE > MoS2–rGO/
GCE > GCE > Au@MoS2–rGO/GCE. This implies that integration of AuNPs and
rGO reduced the electron transfer resistance of MoS2 due to their synergistic
interaction. The sensors showed the linear ranges of 0.1–950 μM, 3–560 μM, and 40–
960 μM with LOD 0.04 μM, 0.95 μM, and 14.6 μM for HQ, CC and RC,
respectively. Hasani et al [55] have demonstrated cadmium sulfide (CdS)/graphene
oxide (GO) (1%, 3% and 5%)-based CO2 gas sensor fabricated through photo
reduction of GO using highly efficient photocatalytic CdS NPs under visible
irradiation for 2 h. The prepared CdS/GO (5%) achieved excellent sensitivity at a

Figure 13.7. Schematic of electrochemical sensor without gas analytes (left figure) and with gas analytes (right
figure).
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level of 200–1000 ppm concentration due to its higher conductivity. Moreover, Bai
et al [56] have demonstrated the effect of copper sulfide (CuS) NPs in CuS/rGO
nanocomposite. They have prepared the nanocomposite by heating the mixture of
CuCl2 and Na2S aqueous solutions. The independence of cathodic peak potential
(Epc) and the anodic peak potential (Epa) with the scan rate (−0.8 to +0.2 V) have
revealed the electrochemical reaction ability of CuS at the CuS/rGO/GC electrode.
The as-synthesized CuS/rGO composite has shown excellent sensitivity and stability
for determination of H2O2. It is worth mentioning that graphene-based electro-
chemical sensors are mostly fabricated using rGO instead of GO due to the presence
of abundant chemical moieties on the rGO surface that make an easy charge transfer
process which is responsible for the enhance electrochemical activity. Ibrahim et al
[57] have fabricated a photo-electrochemical (PEC) sensor based on the CdS–rGO
nanocomposite using aerosol-assisted CVD (AACVD) and dip-coating strategies.
The CdS–rGO nanocomposite showed the highest PEC activity compared to that of
bare GO, rGO, CdS, and CdS–GO electrodes under visible-light illumination. This
is because the presence of rGO facilitated the transfer of electrons from the
conduction band of the CdS, thus manifesting the photocurrent performance of
the nanocomposite. The sensor exhibits excellent sensitivity and detection towards
copper (II) ions (Cu2+) with photoelectrode response for Cu2+ ion detection in a
linear range of 0.5–120 μM, with an LOD of 16 nM [57]. Furthermore, the influence
of cationic composition in CdxZn1−xS–rGO nanocomposite has been investigated
[58]. Their research results showed that the photoelectrode response increased with x
value, achieved optimal composition Cd0.5Zn0.5S–rGO with linear range of 0.02–20
mM and LOD of 6.7 nM. Pandhi et al [59] have studied electrochemical perform-
ance of multilayered graphene (MLG) electrodes on Kapton substrates. CV studies
have shown electrochemical reversibility of an MLG electrode and inkjet-printed
(IJP) three-electrode device using the ferric/ferrocyanide redox couple as the analyte.
They have observed that IJP three-electrode sensors exhibit superior electrochemical
response. Figure 13.8 exhibits the observed electrochemical performance using CV
curves having distinct redox peaks.

Furthermore, 30 printed passes of MLG are found to exhibit a higher current and
lower sheet resistance in comparison to the 25 printed passes along with a higher
peak-to-peak separation (figure 13.8(b)). They have suggested that additional
printed passes provide uniformity and decrease resistance with denser packing of
the graphene flakes which slows the redox reaction. Yang et al [60] have studied
sensing properties of CuS/rGO nanocomposite for the development of hydrogen
peroxide (H2O2) and hydrazine sensor and the resulting sensor exhibits promising
results in the range from 1 μM to 10 mM at −0.2 V and LOD of 100 nM towards
H2O2 and sensor also exhibits good performance in the range of 1 μM–10 mM at
+0.4 V and LOD of 300 nM for hydrazine. Jin et al [61] have performed in situ
growth of CuS decorated graphene oxide-multiwalled carbon nanotubes for their
application as H2O2 amperometric sensor which shows response in the linear range
of 0.45–60 mM with LOD of 600 nM. It has been found that the synergetic
interaction of CNTs and graphene-based materials accelerate the electron transfer
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mechanism between the solution and electrodes and thus achieved a fast response
time. Hu et al [62] have investigated rGO–MoS2 heterostructures for electrochemical
performance towards nitrite which exhibits high sensitivity in the linear range of 0.2–
4800 μM and LOD of 170 nM. Table 13.3 list different graphene-based electro-
chemical gas sensors.

13.5 Graphene-based optical sensors
The aforesaid sensor methods, have a distinct benefit, such as simple and inexpensive
manufacturing using common microelectronic or micromechanical processes, small
size, or high operating temperature, however, they suffer from a lack of broad range
selectivity due to a lack of sensitive materials for each gas and/or crosstalk. In the
following part, outstanding properties of optical gas sensing schemes are discussed.
When compared to the concepts discussed above, optical gas sensors have a number
of advantages. One key reason is that the species used for detection, photons, are
fundamentally different from the species to be detected, gas atoms/molecules. In
contrast to the other notions discussed thus far, the species employed for detection
have no effect on the detection method. Because photons have no residual mass and
no charge, they have no effect on charge- or mass-based detection systems. In
addition, because IR spectroscopy-based sensors do not rely on catalytic or

Figure 13.8. CV scan rate data of graphene for (a) 25 printed passes and (b) 30 printed passes of graphene. E-
labs CV data for (c) 25 printed passes of graphene and (d) 30 printed passes of graphene. Reproduced [59]
under Creative Common Attribution 3.0 Unported Licence, Copyrights 2020, Royal Society of Chemistry.
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electrochemical activities, they are not susceptible to surface depletion or contam-
ination. However, an optical gas sensor is a device which monitors the change of
optical properties (absorbance, fluorescence, reflectance etc) of a sensing material on
interacting with gas molecules. The recognition of gas species can be done from the
wavelength dependent absorption/reflectance spectra of sensing material. The
absorbance of sensing layer may increase or decrease depending on the oxidizing
(SO2, NO2, O3, etc) or reducing (CO, H2, etc) nature of target gas. The graphene
covering is reported to boost sensing performance by offering a high surface-to-
volume ratio, greater analyte absorption, and superior plasmonic characteristics.
Graphene-based devices, on the other hand, benefit from the extraordinary features
of graphene, which offer high photocurrent production and a huge active area. This
makes it a good choice for infrared (IR) detection in the IR regimes of near-IR and
middle-wave infrared regime [74]. Despite the fact that numerous research groups
have revealed several novel features of graphene, there is still much work to be done
to improve device fabrication and performance. Lai et al [74] have studied the
optical properties of graphene-based optical detectors and found that at room
temperature in the presence of IR, devices can create photocurrent signals and this
increases as devices are composed of multilayer graphene. Zhang et al [75] have
studied reflectance properties of graphene film-based optical sensor synthesized
using CVD method for acetone vapor detection. The prepared sensor exhibited a
significant decrease in reflectance under the exposure of 44–352 ppm acetone vapor.
Yao et al [76] have described ammonia sensor using optical interferometric sensor
based on graphene/microfiber hybrid waveguide (GMHW). The resolution of as
fabricated sensor is ∼0.3 ppm. The adsorption of NH3 changes the conductivity of
graphene and thus the effective refractive index of the GMHW, and the transmitting
light along the GMHW is particularly sensitive to NH3 gas concentration. Further,

Table 13.3. Graphene-based electrochemical gas sensors.

Sl. No. Electrode material Analyte Linear range LOD Reference

1. AuNPs/graphene H2O2 5–8600 μM 2000 nM [63]
2. PtNPs/graphene H2O2 0–2500 μM 200 nM [64]
3. Ag/NCs/graphene H2O2 20–10 000 μM 3000 nM [64]
4. AuNPs–porous graphene film H2O2 0.5–4900 μM 100 nM [65]
5. Cube like Pt/GO NO2

− 0.5–227 780 μM 200 nM [66]
6. Ag/Fe3O4/GO NO2

− 0.5–720
720–8150 μM

170 nM [67]

7. AuNP/rGO/MWCNT/GCE NO2
− 0.05–2200 μM 14 nM [68]

8. Fe2O3–rGO/GCE NO2
− 0.05–780 μM 15 nM [69]

9. Graphene–copper NP Glucose 400–500 μM 500 nM [70]
10. Palladium NP–graphene

nanosheet film
H2O2 0.1–1000 μM 500 nM [71]

11. AuNP–graphene nanosheet film H2O2 0.3–1800 μM 1100 nM [72]
12. Graphene–palladium NP Hydrogen 20–1000 ppm 20 ppm [73]
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synergistic interplay by combining the semiconducting and photocatalytic activity
behavior of the partially reduced GO with the localized surface plasmon resonance
(LSPR) of AuNPs result in an enhancement of the photocatalytic properties of GO
has been studied by Cittadini et al [77]. The charge transfer mechanism between the
AuNPs and GO flakes induced SPR effect, which leads to an increase in absorbance
for the case of H2 (reducing gas) and decrease in absorbance for NO2 (oxidizing gas).
Further, Some et al [78] have studied the sensor array fabricated using hydrophilic
GO and hydrophobic rGO flakes coated on polymer optical fiber tip that exhibits
the selective sensing for VOCs gases. They reported the selective ability of hydro-
philic GO and hydrophobic rGO flakes towards tetrahydrofuran (THF) and
dichloromethane (MC), respectively, and high stability of as-developed sensor in
humid conditions. High response towards methane with good selectivity has been
observed in graphene-carbon nanotubes–poly methyl methacrylate (GCNT/
PMMA) hybrid based SPR fiber optic sensor [79]. The authors carried out the
testing of a sensor based on rGO, CNT, GCNT, and GCNT/PMMA hybrid
nanocomposite towards different gases methane, ammonia, hydrogen, nitrogen,
carbon dioxide, hydrogen sulfide, and chlorine. Out of all the four sensors, GCNT/
PMMA nanocomposite showed a maximal red shift (0.33 nm ppm−1) in resonance
wavelength for methane. The doping concentration of GCNT has been optimized as
5 wt% to increase the defect levels efficiently in nanocomposite structure, which
further increase the active adsorption sites of GCNT/PMMA nanocomposite
towards methane. The same group has also studied the sensing properties of
PMMA, rGO and PMMA/rGO nanocomposites based SPR based fiber optic gas
sensor towards ammonia, nitrogen, hydrogen, chlorine and hydrogen sulfide [80].
The PMMA/rGO nanocomposite-based sensor showed higher response towards 10–
20 ppm ammonia than pristine PMMA and rGO based sensor. The polar nature of
ammonia is favourable for the formation of hydogen bond with the oxygen
functionalized rGO sheets resulting in decreasing the dielectric constant of nano-
composite. The increase in resistance has been observed due to the adsorption of
ammonia molecules on the PMMA matrix. These observed variations were
responsible for the high sensitivity (1 nm ppm−1) and selectivity of PMMA/rGO
nanocomposite in favour of ammonia. To demonstrate the effect of inorganic
coatings of MFI zeolite crystals in fiber Bragg grating (FBG) chemical sensors,
Snelder et al [81] have demonstrated fiber sensors coated with silicalite of different
thicknesses. It has been observed that ZSM-5 coated optical sensor exhibited higher
responses towards alkanes C2H6, C3H8, C4H10, octane and isopropanol under
ambient conditions. Moreover, the prepared sensors showed stable responses
towards C2H6 and C3H8 at extreme conditions. They attributed excellent sensing
performance to the high adsorption of analyte at zeolite framework controlled by
gaseous molecular affinity. Lai et al [74] have demonstrated the development of
optical detectors using multilayer graphene for IR sensing. They have shown that at
ambient temperature their devices are capable of producing photocurrent when
illuminated in the presences of IR signals and have observed that photocurrent is
increased as fabrication of devices is done using multilayer graphene. Abid et al [82]
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have demonstrated optical sensor based on rGO and observed that defect states play
an important role in tuning the sensor parameters.

Figure 13.9(a) exhibits the schematic diagram of the developed sensor and
figures 13.9(b) and (c) show I–V characteristics recorded at different temperature
and laser power density. Sridevi et al [83] have shown improved sensitivity for strain
and temperature using rGO coated with an etched fiber Bragg grating (eFBG)
sensor which exhibits strain sensitivity of 5.5 pm and temperature sensitivity of 33
pm. Further, Kavinkumar et al [84] have studied the role of hydroxyl, carboxyl
functional groups on dielectric and optical gas sensing properties of GO, heat-
treated GO for ammonia, ethanol and methanol vapors is reported. High surface
area, exfoliation of GO provides better vapor sensing ability than the heat-treated
GO. The sensitivities of GO sensor are found to be 0.32, 0.26 and 0.20 counts per
ppm for ammonia, ethanol and methanol vapors, respectively. Table 13.4 lists
different configurations of graphene-based gas sensors.

13.6 Conclusions
In this book chapter, we have discussed the advancements made in the area of
graphene sensors along with their different types. The sensing properties of sensors

Figure 13.9. (a) Schematics of the developed optical sensor along with current–voltage characteristics
measured at various (b) temperature (c) laser power density. Reproduced [82] under Creative Common
Attribution 4.0 International License, Copyrights 2018, Springer Nature.
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have also been well described for various graphene-based hybrid materials. The
challenge for researchers, however, is to develop materials that can be used to
fabricate stable, high selective, rapid, and high response gas sensors, and there has
been significant progress in gas sensors based on carbonaceous materials, such as
graphene, as evidenced by the extensive literature survey discussed in this chapter.
Graphene due to its applicability to perform at comparatively lower operating
temperature along with lower detection limit has resulted in its application as
advanced gas sensors. Furthermore, we have outlined the interesting approaches to
solve sensitivity and selectivity difficulties by developing composites or hybrids of
graphene with semiconductor metal oxides, NPs, polymer, etc or by heteroatom
doping. Summing up, as there are no global standards and procedures for
determining graphene quality, the quality of graphene generated varies greatly
between countries and even from batch to batch within the same company. Using
graphene of unknown quality in a sensor could be a major problem, especially since
the sensors must be extremely accurate and exact. Finally, understanding the correct
graphene material and how to optimize its use will lead to graphene being
commercialized as next-generation gas sensors. We expect that by combining
existing knowledge with new research, researchers will be able to develop new
ways of making gas sensors.
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Graphene-based biosensors
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Graphene and its derivatives present unique electrical and optical properties that
have led to a rising interest in these materials over the past years. Currently,
graphene and its derivatives are claimed for the fabrication of molecular electronics
devices, namely sensor devices. This chapter presents an updated overview of
relevant achievements on biosensors devices based on graphene molecules. Both
electrical and optical measurements performed with these devices demonstrate that
the developed graphene-based biosensors can detect a panoply of molecules,
macromolecules, and viruses, thus making them an invaluable tool in many fields
(e.g. medicine, industry, genetics, criminology). However, despite having been
revealed to be adequate for bio-measurements, even at the edge of the detection
limit, the overall device handling is not straightforward, which might hinder
potential applications.

14.1 Introduction
The development of sensor devices based on electrical transducing has at its core the
need to find and develop efficient ways through which the process of applying an
external bias to a material becomes more optimized for relevant features such as
sensitivity, linearity, resolution, hysteresis behavior, drift features, and durability, all
contributing to device reliability. This process involves materials processing,
electrical interfacing and encapsulation. These needs have been reinforced by the
relatively recent growth of technologies based on nanotubes, hybrid conductors, and
organic conductors [1, 2], particularly considering the rapid approach to the non-
passable edge set by the limitations of performance and optimization of the
widespread traditional silicon-based devices, which holds a quasi-monopoly of
both the market and this type of technologies.
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These novel molecular organic structures present remarkable features that can be
used for the development of novel sensor devices. An example has been reported by
K S Novoselov et al with the occurrence of an electric field effect in few-layer
graphene (FLG), a material with an innate two-dimensional (2D) nature [3]. The
electric field effect in most semiconductors is responsible for the change of the carrier
concentration, thus allowing a change in the electric current. It is possible to attain
2D graphene by isolating a single graphene layer, which holds in its composition a
planar, sheet-like formation of carbon atoms that are tightly arranged into a benzene
ring structure, displaying the thickness of a single atom (approx. 0.34 nm), a
hexagonal repeating arrangement and is a common denominator among many
carbon-based materials in nature, such as graphite (3D), nanotubes (1D), and
fullerenes (0D) [4].

Aside from being approximately two hundred times stronger than steel and
having zero effective mass, graphene also presents a myriad of properties that have
shaped it into a highly sought after material, often being called a ‘wonder material’,
such as large surface area (2630 m2 g−1); high electrical conductivity (approx.
202 S cm−1); outstanding mechanical properties; high room-temperature electron
mobility (250 000 cm2 V−1 s−1); good thermal conductivity (5000 W mK−1); a
modulus of elasticity of around 1 TPa; impermeability to gases and good optical
transmittance (97.7%) [5–12]. All these featured properties have allowed it to be
explored and put into practice through a multitude of applications including:
supercapacitors; semiconductors; field-effect transistors (FETs); electronics;
lithium-ion batteries; low-cost, highly efficient, transparent, and flexible solar cells;
top of the line composite materials; strain sensors; and biosensors [13–27].

In the processes that brought about the inception, adaptation, and implementa-
tion of graphene devices, a number of graphene-derived subproducts have also been
envisioned and developed, as is the case of graphene oxide (GO), graphene
nanoribbons, graphene nanotubes (single- or multi-walled), and reduced graphene
(be it through chemical, UV radiation, thermal, electrochemical procedures),
polymers, graphene nano-sheets, quantum dots, amongst [28–34].

As mentioned, one of the applications of graphene-derived materials is strongly
applied to the development of biosensors, in which different kinds of biosensors are
welcome, namely for the detection of biological molecules or even virus associated
with pathologies or pernicious to life, detection of specific DNA sequences, which is
currently an area of tremendous interest since more and more research has shown
that the mutations of genes are responsible for numerous inherited human disorders
[35, 36]. The different applications found in the literature of graphene-based
biosensors are summarized in figure 14.1. Interestingly, both electrical and optical
techniques have been used to transduce the biosensors’ properties. This chapter
presents an overview of the use of these graphene-based biosensors.

14.2 Electrical biosensors
Electrochemical type biosensors are the most common ones as they are easy-to-
implement, accurate, quick, and can be even sensitive biomarkers [37–39].
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In addition, the sensitivity and selectivity of the electrochemical sensors can be
significantly enhanced simply by the development of nanostructured modified
electrodes. This section will demonstrate that the graphene nanostructures are
interesting for the development of biosensors as evidenced by electrochemical
methods.

14.2.1 Electrical biosensors: types and characteristics

Despite their promising applications in the biomedical sciences, the development of
electrochemical biosensors with improved sensitivity and specificity together with a
low detection limit is still a great challenge. As a remark, in what concerns
biomolecular detection, the limits of detection can be extremely low as traces, say
ppm or ppt, of a given molecular species often must be detected. Furthermore, the
detection is to take place in complex biological media such as blood, urine, or tears.

In particular, because of the shown usefulness in diagnostic analysis of different
molecules or entities associated with diseases found in biological complex media,
electrochemical biosensors based on nanomaterials, including graphene-based films
have been extensively investigated. An electrochemical sensor is based on the
measurement of the current–voltage characteristic of an electrolyte media because

Figure 14.1. Different applications of graphene-based biosensors.
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of an applied voltage. The analyte to be detected is normally introduced in the
electrolyte and the applied voltage induces an electrochemical reaction at the
electrodes. Generally, the electrochemical sensor’s response is the overall I–V
characteristic curve with some features taken from it, which can be translated, via
adequate calibration, into an applicable qualitative or quantitative output.

Thus, the overall process involves transducing and a chemical recognition system.
Normally, the physical systems consist of a sensing electrode, a counter electrode,
and often an extra reference electrode, as shown in figure 14.2(a). Currently, the
electrodes are condensed in strips, as depicted in figure 14.2(b), which are low-cost
and disposable devices specially designed to work with samples volumes of the order
of microliters. These electrodes are screen-printed and are based on carbon, gold,
platinum, silver, or carbon nanotubes inks. From the point of view of electrical
measurements, the electrochemical sensors are divided into potentiometric, voltam-
metric, amperometry, and impedance spectroscopy types, depending on the physical
variable being measured. In potentiometry, evaluation is normally done under flow
or batch conditions, the change in potential is used to evaluate or quantify the
amount of an ion in solution through the electrical current. A potentiometric sensor
type, measures the difference in potential between the working electrode and a
reference electrode, operating under conditions of near-zero current flow. Several
electroanalytical voltammetry techniques variants have been implemented, namely,
cyclic voltammetry (CV); differential pulse voltammetry (DPV); square wave
voltammetry (SWV); linear sweep voltammetry (LSV), working at a controlled

Figure 14.2. (a) Scheme of an electrochemical sensor. (b) A typical design of a screen-printed electrode. (c)
FET biosensor.
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variable potential, the current being measured as a function of applied potential and
electrochemical impedance spectroscopy (EIS).

Selectivity towards several analytes, sensitivity within a broad concentration
range, fast analysis times (few seconds), and the ability to determine kinetic
parameters and estimate the mechanisms of chemical and/or electrochemical
reactions are the main advantages of the voltammetry [40]. Amperometry is based
on the detection of an analyte by measuring the electrical current because of its
reduction or oxidation. In the case of amperometry, at a constant applied potential,
the measured current is related to the analyte concentration. As the mass transport
of electroactive species should be governed only by convection, the amperometric
techniques are generally run under a stirred solution or in a flow system and,
therefore, can be integrated into microfluidic systems for continuous and real-time
analysis. EIS technique is simple, inexpensive, fast, and has proved to be a useful
tool for the characterization and analysis of materials and work as a transducer. In
this technique, a sinusoidal potential over a wide frequency range is applied and
both current response and phase between the electrical potential, V, and current, I,
are measured over the frequency range [41]. This allows one to obtain the electrical
impedance which is the ratio between voltage and current:

Z
i

(14.1)
v=

Z is frequency dependent, and the result is an impedance spectrum Z(w), which can
be seen in several forms. The impedance in a complex form can be written as:

Z w Z w i Z w( ) ( ) ( ) (14.2)= ′ + ″

Several graphical spectrum representations can come through either representing the
module of impedance Z w( ( ) ), real part of impedance (Z w( ))′ and imaginary part
of impedance (Z w( )′′ ). In addition, other impedance features can be used to
characterize the sensor impedance, namely the phase difference and the loss tangent.
The shape of the attained spectrum can be modeled through a resistance capacitor
(RC) equivalent circuit representing the electrolyte. This will consist of a series. The
impedance spectrum features allow us to assess parallel RC circuits to both intrinsic
material properties and the processes involved in the conductivity/resistivity (in-
phase) or the capacity (not in phase) of the electrochemical system.

FETs have also been used as biosensors. A schematic of these devices is shown in
figure 14.2(c).

14.2.2 Graphene-based electrical biosensors: applications

14.2.2.1 Glucose
The development of glucose sensors is of great relevance due to their potential for
clinical utility for health care monitoring. Different kinds of sensors have been
proposed with graphene and graphene derivatives. For example, a glucose biosensor
was developed by depositing a solution (5:1) of GO and polyaniline (PANI) onto a
3 mm diameter polished glassy carbon electrode (GCE) [42]. This approach, which
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consists of a PANI/GO composite membrane, was demonstrated to improve the
sensitivity and limit of detection of this glucose biosensor. Cyclic voltammetry was
used to analyze the electrochemical responses of the biosensor when exposed to
varying glucose phosphate-buffered saline (PBS) concentrations of solutions satu-
rated with O2. The PANI/GO/GCE biosensor displayed an overall sensitivity in a
range between 0.1 and 10 mM concerning glucose. It was able to reach a limit of
detection (LOD) of 0.1 mM, while exhibiting both a rather satisfactory long-term
stability and good reproducibility. Other approaches for glucose biosensors were
achieved by combining graphene sheets with metallic nanocomposites namely plain
graphene (Gr); graphene–nickel (Gr–Ni); graphene–platinum (Gr–Pt); graphene–
copper (Gr–Cu). And posteriorly attaching these to glucose oxidase enzymes and
glassy carbon paste electrodes [43]. The syntheses of these nanocomposites all share
similar processes, differing just in the starting material. These Gr sensors used
graphite powder, Gr–Ni and Gr–Cu used graphene powder while Gr–Pt sensors
used GO powder. Each of these biosensors when used as electrochemical sensors
were revealed to have wide linear ranges and low limits of detection (magnitude
of μM), with Gr–Cu reaching the lowest LOD at 2.87 μM. Gr–Ni, Gr, and Gr–Pt
reached LOD values of 24.71, 7.2, and 3.06 μM, respectively.

14.2.2.2 Glutamate
Given glutamate’s widespread use in the food industry, mainly in the form of
monosodium glutamate (MSG), the need to detect and monitor its presence and
concentration due to its potential pernicious consequences in human health [44, 45]
becomes imperative. To detect this molecule and quantify its concentration, a
biosensor has been developed by immobilizing glutamate oxidase (GLOx) on a
tricobalt (Co3O4), chitosan (CS), and Gr nanocomposite film layer (Co3O4/CS/Gr),
which was, in turn, deposited onto the surface of a glassy carbon electrode (GCE)
[46]. An amperometric study was then conducted to ascertain the biosensor’s
sensitivity and LOD whilst detecting glutamate. The results showed that the
Co3O4/CS/Gr/GCE sensor displayed a good reproducibility (and stability), a rather
satisfactory response time (25 s), had a lower cost when compared to other existing
biosensors and its development process was simple. The reported values of
sensitivity and LOD were 0.73 μA mM−1 and 2.0 μM, respectively.

14.2.2.3 Dopamine
There has been an increase in interest and demand for wearable (ideally flexible),
biodegradable and eco-friendly biosensors to be used in several applications, such as
the detection of dopamine. A flexible biosensor based on a film layer of GO and CS
(GO/CS) was developed to detect dopamine (DA) [47]. So, to achieve this objective,
chitosan was functionalized with GO which caused it to change from a non-
conductive material into a film layer that exhibits conductivity, a much desired and
essential property for electrochemical biosensors. The developed biosensor showed it
could reach a LOD of ⩽20 μMwhile displaying the properties it set out to achieve by
being flexible, eco-friendly, and biodegradable, which allows for its usage and
subsequent disposal to be easier and seamless.
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14.2.2.4 Cholesterol
Detecting cholesterol in human blood samples is paramount to diagnosing and
identifying numerous food products. To this end, nanoplatelets of Gr were
functionalized, and through chemical reduction gold nanoparticles (Au NPs) were
decorated onto the surface of the Gr nanoplatelets [48]. This layer was deposited
over a glassy carbon support electrode (GCE) and then cholesterol oxidase (Cox)
was immobilized on its surface to work as a detection mechanism for cholesterol.
The biosensor showed outstanding stability over time as well as an enhanced
anti-interference ability against other biological species, which proved to be an
advantage when detecting cholesterol. The Au/Gr biosensor displayed a sensitivity
of 31.4 nA μM−1.

14.2.2.5 Riboflavin
Riboflavin or vitamin B2 is a water-soluble vitamin and an essential constituent of
flavoenzymes andh plays a vital role in the biochemical reactions in the human body
and its deficiency is associated with eye lesions and skin disorders. Recently,
Cioatesz [49] published a review about electrochemical sensors of riboflavin from
different samples such as pharmaceutical products, cow and powder milk, non-
alcoholic beer, or human plasma, using different kinds of electrodes including
graphene-based films. Also, Sriramprabha et al [50] developed an electrochemical
selective sensor of riboflavin by preparing a tin oxide and reduced graphene oxide
(SnO2)/rGO nanocomposite by a simple hydrothermal process. The reason for using
SnO2 is that it presents suitable oxidation states that allow a higher catalytic activity
in sensor applications. Figure 14.3 demonstrates the interfacial electron transfer
reaction facilitated by the active redox sites on the rGO matrix. This sensor based on
SnO2/rGO/GCE nanocomposite exhibited significant linearity in the range of
0.1–150 μmol l−1 from the SWV responses. This sensor demonstrated a 30 days

Figure 14.3. Redox mechanism of riboflavin on SnO2/rGO modified electrode suggested by Sriramprabha et al
[50].
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electrode’s stability and high sensitivity and selectivity towards riboflavin sensing
and quantification in the presence of various common interferences like L-trypto-
phan, L-proline, L-cysteine, lysine, L-glutamic acid, L-ascorbic acid, glucose, choles-
terol, dopamine hydrochloride, uric acid, thiamine, sodium sulfate, and ammonium
chloride.

14.2.2.6 DNA biosensors
A myriad of areas, as is the case of the food industry, genetics, forensic science,
criminology, and pharmacology has been relying evermore on diagnostic techniques
based on the detection of DNA and by extension on the development and use of
DNA-focused biosensors. A few examples of this development and growth are
presented below.

A thionine–graphene (Th–Gr) based DNA electrochemical biosensor was created
to detect complementary oligonucleotide, whilst having its fabrication procedure
presented and its detection capabilities analyzed [51]. The Th–Gr component (layer)
was achieved by adding an aqueous solution of thionine to a previously prepared
graphene solution, the resulting solution was then stirred, heated, centrifuged,
washed, and finally dissolved in distilled water. A gold electrode (AuE) was prepared
and treated, to have deposited onto its surface a layer of Th–Gr (among other
compounds) and a DNA probe (figure 14.4). The attained biosensor, device response
was characterized through differential pulse voltammetry as to its ability to detect
oligonucleotides. It was then demonstrated that this DNA biosensor displays good
stability, a high degree of reproducibility, and good detection capabilities, having
reached an LOD of 12.6 pM.

Similarly, to the already mentioned above biosensor, a Gr and polyaniline
(PANI)-based electrochemical biosensor was developed [52]. However, the major
difference lies in the sensor structures that have been implemented: PANI nanowires
(PANIws) were used instead of PANI in their regular form. To this end, a GCE had
its surface coated with graphene and later a layer of PANIw was deposited on the

Figure 14.4. Schematic diagram of covalent immobilization of NH2-substituted probe ssDNA on Th–G
nanocomposite using glutaraldehyde as an arm linker.
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graphene modified GCE. The final step of the preparation of this biosensor consisted
of immobilizing DNA probes on its surface, which had the function of detecting
DNA in the analyzed samples. The resulting sensor (ssDNA/PANIw/Gr/GCE) was
subjected to several electrochemical studies and displayed high selectivity, good
stability and reproducibility, high sensitivity, swift amperometric response, and an
LOD of 32.5 pM.

14.2.2.7 Virus
A graphene-based biosensor was created to study its response regarding selectivity
and sensitivity while detecting a pathogenic virus (rotavirus) [53]. The graphene film
was prepared using a speed vacuum concentrator and a subsequent process of
thermal annealing, having as a source material GO colloidal suspension (3 mg ml−1).
The result consisted of a free-standing graphene film (thickness of 400 nm)
displaying a high conductivity (56 Ω/sq), as well as a rapid electron transfer
property, which was posteriorly deposited on a glass substrate with an Au/Cr
patterned configuration, thus obtaining a functioning graphene-based electrode.
This electrode’s surface was then functionalized and had rotavirus-specific anti-
bodies immobilized on it, hence making this new biosensor capable of capturing
rotavirus. The LOD was investigated and for several input cells of the virus
corresponding to 103 pfu/mL, a sensitivity of about 1.3% was achieved.

After the most recent Zika virus outbreak in South and North America in 2015,
the necessity to detect this virus became increasingly urgent, particularly with
improved devices capable of achieving lower LODs and sensitivity. A graphene-
based field-effect biosensor (FEB) was used as a means to detect in real time the
presence of Zika antigens [54]. This biosensor consisted of a FET in which the gate
dielectric was composed of an underlying layer of graphene on top where anti-Zika
NS1 antibodies were immobilized. This biosensor allowed the detection of the virus
through the variation of current flow and charge distribution in the FET. In this
analysis, several virus contents were tested and from the signal information it was
possible to observe that the LOD attained was 0.45 nM. It has also been
demonstrated that the FEB displayed an outstanding selectivity to the target
molecules, which in this case were the anti-Zika NS1 antigens. The present device
not only has a low cost but is also portable, making it an invaluable tool when
detecting this virus’ presence in its early stages and allowing for an enhanced
diagnosis.

Recently, El-Said et al [55] reported the synthesis of reduced porous graphene oxide
(rPGO) ornated with Au NPs to modify the ITO electrode. This highly uniform ITO/
Au NPs@rPGO structure was used as a surface-enhanced Raman spectroscopy-active
surface and as a working electrode, since the use of the Au NPs and porous graphene
enhance the Raman signals and the electrochemical conductivity, respectively. Anti-
COVID-19 antibodies were immobilized onto the ITO modified electrode to capture
the COVID-19 protein. The developed biosensor showed the capability of monitoring
the COVID-19 protein within a concentration range from 100 nmol l−1 to 1 pmol l−1

with an LOD of 75 fmol l−1. Furthermore, COVID-19 protein was detected based on
electrochemical techniques within a concentration range from 100 nmol l−1 to
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500 fmol l−1 that showed an LOD of 39.5 fmol l−1, investigating three concentrations
of COVID-19 protein spiked in human serum.

14.2.2.8 Other
Through the processes of self-assembly and photopolymerization, a biosensor
composed of rGO layer with a thickness around 20 nm and hybridized with
polydiacetylene (PDA) layer, was developed [56]. PDAs have been commonly
used in some areas, namely in sensor development science and organic nano-
electronics owing to some of their advantageous properties both of electrical and
optical nature. Graphene’s outstanding biocompatibility is also one of the reasons
around which electrochemical biosensors and varied different related studies have
emerged over the past years. The PDA/rGO biosensor’s detection ability was analyzed
through cyclic voltammetry and the results revealed that it not only can succeed in this
task, but it also allows the detection of low-level analytes concentration, thus rendering
it a strong candidate for future applications in the biomedical fields. Some of the
detection features of such a type of device are summarized in table 14.1.

Table 14.1. Responses of graphene biosensors in the literature using electrical detection.

Detection Measurement Sensor Range Detection limit Long-term Sensitivity

Glucose
[41]

Cyclic
voltammetry

PANI/GO/GCE 0.1–10 mM 0.1 mM

Glucose
[42]

Amperometric Gr 50–800 μM 7.2 μM

Gr–Ni 25–600 μM 24.71 μM
Gr–Cu 2.87 μM
Gr–Pt 10–600 μM 3.06 μM

Glutamate amperometric Co3O4/CS/Gr 0.73 μA mM−1

and 2.0 μM
Dopamine GO/CS ⩽20 μM
Cholesterol 31.4 nA/

μM
Riboflavin CV, ASV, and

SWV
SnO2/rGO/GCE 0.1–150

μmol l−1
34 nmol l−1 Stability

for
30 days

DNA Cyclic
voltammetry

Th–Gr 12.6 pM

DNA Cyclic
voltammetry

ssDNA/PANIw/Gr/GCE 32.5 pM

Rotavirus
[52]

Cyclic
voltammetry

Graphene film+Au/Cr 103 pfu ml−1 1.3%

Zika virus
[53]

FET ITO/Au NPs@rPGO 0.45 nM

COVID-19
[54]

Electrochemical
techniques

ITO/Au NPs@rPGO/Anti-
COVID-19 antibodies

100 nmol l−1

to 1 pmol l−1
75 fmol l−1
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14.3 Optical biosensors
Despite the interesting properties of electrochemical biosensors, they are not without
limitations or weaknesses, which only spurs the need to design and develop
graphene-based sensing devices whose core principle differs from already existing
ones. A fine example of this multifaceted need for innovation is the biosensors that
rely on the use of optical transducing principles. When compared to electrochemical
devices, optical biosensors allow their users to conduct studies on living organisms
without having to worry about sample damage (using electric current), while
simultaneously collecting data with a high spatial and time resolution [57].
Graphene-based optical biosensors can make use of total internal reflection features
at a graphene interface. In fact, under adequate conditions reflection at a graphene
interface can exhibit both heightened broadband and polarization absorption, in
such a way that the detection of the refractive index variation close to its surface can
be performed. This type of sensor also allows for a deep and rather wide detection
range, as well as high precision and sensitivity [58]. Several cases studies conducted
and published pertinent to this subject will now be analyzed as fine examples of this
technology.

14.3.1 Optical biosensors: types and characteristics

Surface plasmon resonance (SPR) relies on the detection of shifts in the refractive
indexes brought about by molecular interactions that occur at the surface of metals,
through surface plasmon waves. The phenomenon described as surface plasmon is
manifested via the interaction between the incident photons and the electrons
present in the metal’s surface, causing the plasmon to travel parallelly to the surface,
thus forming a surface plasmon wave which in turn propagates through the interface
between the metal and dielectric parts and ends up being greatly attenuated
(exponential behavior) in the dielectric [59] (figure 14.5). By having an uninterrupted
incident beam, both the reflection angle and SPR angle are strictly dependent on the
refractive index of the sensing medium, which is in tandem with the metal and thus
means that variations on the surface’s refractive index will trigger fluctuations on the

Figure 14.5. Schematic representation of the experimental setups for optical detection: (a) surface plasmon
resonance apparatus; and (b) waveguide apparatus.
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SPR measurements making it feasible to detect analytes (figure 14.5(a)). Therefore,
analyte detection is made possible via the signal that reaches the detector containing
information such as the reflected light intensity, shifts in the resonance angle, and
absorbed light [60].

Waveguide configuration can also be used to develop a biosensor (figure 14.5(b)).
The transduction principle can also rely on total internal reflection (TIR), which can
be achieved by assuring that the incident light hits an optical waveguide at a specific
angle (critical angle), thus resulting in a near-perfect reflection of the light inside the
material. Usually, waveguides such as these are composed of the sample and
substrate films, as well as an optically transparent layer through which light can
travel, typically possessing a higher refractive index compared to the other layers of
films present [61]. By taking advantage of TIR, the incident light can travel long
stretches of distance but, as stated before, this process is not perfect, which means
that a minor percentage of that light, also called an evanescent field, leaks through
into the substrate and sample layers. The intensity of the evanescent field reaches its
maximum peak at the sensing layer/surface and consequently, the overall sensitivity
of the biosensor is greatly enhanced, which translates into a sensing device capable
of high precision and sensitivity, making this kind of biosensor very desirable and
coveted in myriads of applications [62].

14.3.2 Graphene-based optical biosensors: applications

14.3.2.1 Optical biosensors as an electronic nose
Biosensors that are based around the concept of an electronic nose [63] frequently
have in their composition materials that seldom possess long periods of stability,
despite being able to maintain their sensitivity, or in the case that it is possible to
prolong their stability, the means to do so can be rather expensive and not easily
implemented. Hence, the need arose to develop and test new biosensors that possess
high sensitivity, good and long stability, and are cost-effective. The detection of
explosives for example is of great relevance for applications ranging from environ-
mental conservation to public safety and has received increasing attention through-
out the scientific community. Many approaches, especially various sensors based on
different technologies, have been proposed for the detection of explosives. Among
them, biosensors emulating the olfactory systems have attracted tremendous
attention for their portability and high sensitivity. This necessity birthed the idea
of designing an optical biosensor based on GO with functionalized peptides aiming
at the detection of explosives such as 2,4,6-trinitrotoluene (commonly referred to as
TNT). As seen GO is a rather versatile material that not only exhibits outstanding
optical and electrical properties but also can be simply altered by NPs, proteins, and
other species making it suitable to be exploited to incorporate an electronic nose
sensor device system. This is particularly relevant to confer specificity to the sensor
device. These desirable properties allow for the functionalization of GO with
remarkably useful compounds such as peptides, which possess different biological
sensitivities and have an inherent biorecognition nature. Besides being possible to
chemically engineer these molecules to bind only to very specific targets, they can
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also be tailored to improve stability over time and sensitivity which prolongs their
usage lifetime. As an example, the optical detection of TNT has been performed
through ultraviolet spectroscopy (200–400 nm) and by plotting absorbance spectra it
was possible to demonstrate that the biosensor presented a great selectivity towards
TNT when compared with 2,6-dinitrotoluene (DNT), which was used as a means of
comparison. An LOD of 4.4 pM was achieved [64].

14.3.2.2 Waveguide biosensors
By studying optical responses such as fluorescence, transmittance, absorption,
reflectance (among others) one can demonstrate the effectiveness, sensitivity, and
detection power of an optical biosensor. These sensors can then be applied as
detection devices in several areas, such as the food industry or medicine. It is in the
latter that a graphene metasurface based sensitive infrared biosensor was designed to
detect biomolecules in blood plasma form. The biosensor was created by depositing
a waveguide layer of Si3N4 onto the top of a silica substrate and then by adding
graphene perturbations in the waveguide, it became a leaky wave radiating
structure. Several measurements were then performed by placing either the target
blood plasma biomolecules or air molecules onto the biosensor’s surface, to have a
means of comparison when analyzing the results. A sensitivity of 431.42 nm/RIU
was obtained in an infrared range of 250–320 THz [65].

To improve SPR sensor-based devices a simple base guided-wave SPR biosensor
(GWSPR) and afterward a step-by-step procedure is normally used. For example,
starting with a conventional SPR biosensor based on Kretschmann geometry [66] with
a thin-film layer of silver (Ag), used to excite the surface plasmons of the sensing
medium, thus achieving a sensitivity of 35.6°/RIU. A thin-film layer of silicon (Si) was
then deposited onto the Ag layer to function as a waveguide, which in turn improved
sensitivity to 41.8°/RIU. Then, by finally adding a hybrid layer of molybdenum
disulfide (MoS2) and Gr, the proposed GWSPR biosensor was complete and
sensitivity of 45.2°/RIU was achieved. However, by adding more layers (where N
denotes the number of layers) of MoS2 the refraction index of the sensor suffers
variations that alter the resonance angle, which in turn changes the overall sensitivity’s
value. It was then concluded that an improvement of 98.2% of the sensitivity was
possible with N = 6, thus increasing the GWSPR biosensor’s detection abilities [66].

14.3.2.3 Surface plasmon resonance biosensors
SPR biosensors based on Gr and GO with multiple layers have also been proposed
and investigated as a means of detection of single-stranded (ss) DNA changes during
the processes of formation of double-stranded (ds) DNA. To achieve this end, a
conventional SPR biosensor configuration was adapted from a gold (Au) thin-film
layer on top of a prism. Then two different types of sensors were prepared: one in
which a layer of Gr coated the Au surface, increasing its electrical properties while
simultaneously protecting processes of oxidation and contamination; and another
type consisting of a deposition of a GO layer onto the Au layer, working as a
biomolecular recognition element (BRE) for DNAmolecules. To study the influence
of multiple layers of Gr and GO in the sensitivities of the abovementioned sensors,
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experiments were performed in which the number of these layers varied from one up
to ten and then the resulting sensitivity values were compared with that of a
conventional Au/prism biosensor (91.11°/RIU). The Gr biosensor displayed an
increase in sensitivity with the addition of layers, reaching its maximum at 10 Gr
layers with a value of 120°/RIU. The GO sensor reached a maximum sensitivity
value of 112°/RIU also for 10 GO layers. Given that the Gr and GO biosensors
attained an improvement of 32% and 23% (respectively) regarding the conventional
SPR biosensor, which revealed that using these materials in the development of
devices of this nature is an important and invaluable step [67].

A graphene plasmonic-based infrared biosensor has also been developed and
presented. Its configuration consisted of a nanofluidic biosensor chip, which was
achieved by etching a nanochannel on a silicon substrate and having a layer of
graphene placed on top of the substrate’s surface, in such a way that the nano-
channel remained free to let the nanofluid pass through it without any obstacles. The
detection of the nanofluid passing through the nanochannel was made possible by
using SPR. Through this method, a light source is aimed at the biosensor while the
nanofluid is flowing beneath the graphene layer and changing the refractive index as
a direct consequence of the absorption of its molecules in the channel. The polarized
light emitted from the light source interacts with the surface plasmons causing them
to undergo an excitation process and by having a detector be irradiated by the
reflected light, it becomes possible to detect collective oscillations of the plasmons
and to analyze the bonding processes that are occurring. Further simulations
demonstrate that by optimizing this system sensitivity values up to 1920 nm/RIU
can be attained [68]. Table 14.2 summarizes some responses of graphene-based
biosensors reported in the literature.

Table 14.2. Responses of graphene-based biosensors described in the literature using optical detection.

Detection Measurement Sensor Range
Detection
Limit Sensitivity

2,4,6-
Trinitrotoluene
(TNT)

Absorbance
spectra

GO functionalized
with peptides

0.4 μM–4.4
pM

4.4 pM N/A

Biomolecules in
blood plasma

Infrared SiO2/Gr/Si3N4 250 THz–320
THz

N/A 431.42 nm/RIU

Refractive index
(RI) changes

Guided-wave
SPR

MoS2/Gr hybrid RI between
1.33 and 1.8

N/A 89.6°/RIU

Single-stranded
DNA

SPR Au/Gr
Au/GO

N/A N/A 120°/RIU
112°/RIU

Nanofluid SPR Gr plasmonic N/A N/A 1920 nm/RIU
FOM SPR Au/Gr N/A N/A 33.05 RIU−1

Biomolecules SPR Au/Si/MoS2/Au/Gr N/A N/A 210°/RIU

N/A means not available.
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To evaluate and categorize the quality and performance of an SPR biosensor, a
set of properties and parameters need to be analyzed and studied. These comprise
the biosensor’s sensitivity, its sensibility, the angle through which the minimum
value of reflectivity (resonance angle) is obtained, the full width at half maximum
(FWHM) of the SPR dip, observed in the plots of reflectance versus incident angle
and that represents the direct correspondence between the propagation constants of
the incident beam of light and the surface plasmon wave. There is, however, another
important tool commonly used to assess the sensor’s performance which consists of
the ratio between the sensitivity and the FWHM, which is dubbed figure of merit
(FOM). These parameters have been theoretically investigated for a gold/graphene
(Au/Gr) SPR biosensor [69]. The first step involved optimizing the minimum
reflectivity attained at resonance angle by tuning the thickness of the Au layer,
which was done by characterizing the response of different Au thicknesses between a
set interval of wavelengths (580–1000 nm). Results revealed that the optimal Au
layer thickness was 52.6 nm (at 710 nm). The performance of the biosensor when the
number of graphene layers was changed was then investigated and it was observed
that to achieve the optimal FOM value of 33.05 RIU−1, there should only be present
a single layer of Gr [69].

Conventional prism-metal based SPR biosensors are commonly used in a variety of
fields when it comes to optical sensing. And although this configuration displays good
results, it is always important to strive for higher standards. This has been investigated
in a multilayer biosensor of silicon, molybdenum disulfide (MoS2), and graphene,
aside from the conventional layer/s of Au that is used in this type of device. Each one
of these materials by itself exhibits an increased absorption rate, which then leads to an
enhanced excitation of the surface plasmons and which in turn results in an increased
value of sensitivity. Therefore, by building a biosensor with several layers of these
materials (and optimizing it) it can be possible to attain an enhanced and improved
SPR biosensor capable of achieving a sensitivity value of 210°/RIU [70].

Although it has been demonstrated that there is a linear dependency between the
increase of Gr layers and the overall sensitivity in SPR biosensors, Bari et al [71] have
managed to show that the increase of graphene layers on an SPR biosensor exhibits, in
fact, a non-linear behavior. There is, however a linear behavior, associated with the
gradual increase of Gr layers, between the concentration of targeted molecules and the
SPR frequency (SPRF), and this linear dependency remains unchanged up to six layers
of Gr. It was then shown that the sensitivity curves between the first and four Gr layers
display a third-degree equation behavior, while between five and eight Gr layers the
curves present a fourth-degree equation tendency. These results demonstrate that by
increasing the number of Gr layers in an SPR biosensor, its sensitivity increases even
further than previously shown and expected.

14.4 Conclusions
Graphene-based electrochemical biosensors present a panoply of advantages and
useful properties such as swift response time, ability to remain stable for long
periods, versatility and depending on the technique used, low production cost, to
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name just a few. Despite their promising applications in biomedical research, the
development of electrochemical biosensors with improved sensitivity and low
detection limits has remained a great challenge. Especially, because of the usefulness
in diagnostic analysis of different molecules or entities associated with diseases and
found in complex media (e.g. blood, urine, etc), electrochemical biosensors based on
nanomaterials including graphene-based films have been studied.

The search for novel and more efficient sensor devices is an evermoving train
braving new trails into the unknown, regardless of the base principle from which
these biosensors branch out. When it comes to graphene-based optical biosensors,
not only are new studies being conducted and published, but also research teams
around the world seek to improve and upgrade already existing concepts. Due to
their multiple advantages regarding signal-to-noise ratio, long stability, high
sensitivity, selectivity, insusceptibility to external influences, optical biosensors
have conquered a solid foothold on the vanguard of sensor science. And as the
study and development of such devices continue to grow, their potential applications
also keep growing and evolving, such as in the fields of environmental monitoring,
food quality assessment, biomedical advances, medical diagnostics, or drug control.
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Chapter 15

Graphene membranes and coatings

Avishek Chanda and Avishek Mishra

Development of modern membranes and coatings and the quest for advanced
techniques and material systems have led to the use of graphene (Gr) and its oxide.
Gr-based structures are known to have excellent mechanical strengths, chemical
inertness, impermeability to gases, good adsorption, lubricity, antibacterial proper-
ties and thermal stability resulting in the huge boost in research for different
applications. This chapter outlines the fabrication techniques of Gr-based mem-
branes and coatings, while particularly focusing on the applications and the critical
studies on the same. The recent advances in the use of Gr membranes and coatings
and their future potentials are also highlighted.

15.1 Introduction
Graphene (Gr) is the newest allotrope of carbon with a 2D hexagonal lattice
structure, which results in excellent and unique properties [1]. Gr is an atomically
thin material, the thinnest material in existence, with significantly high thermal,
⩾3000 W m−1 K−1 [2], and electrical, ⩾2.5 × 105 cm2 V−1 s−1 [3], conductivities. It
also has a Young’s modulus ⩾1TPa and an intrinsic strength of ~130 GPa [4],
making it exceptionally strong mechanically due to the C–C bonds which act as
beams [5]. The excellent conductivities and mechanical strengths make Gr a versatile
material suitable for a wide range of applications [6]. A range of applications,
including electrodes, flexible electronics, sensors and energy storage devices has
experienced the involvement of Gr and its derivatives [7]. Other unique and
interesting characteristics of Gr include resistance to any type of chemical including
acids, bases and salts [8, 9], and having antibacterial properties [10], impermeability
to gases [11], various other membrane applications, thermal stability [12, 13], high
specific surface areas [14] and along with all these, being environmentally friendly [15].
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These unique aspects significantly help in providing a strong ground to achieve high
performance membranes and surface coatings, having various functions.

Nature uses membrane technology to permeate ingredients through its connected
networks and to mimic that ability; the inception of synthetic membranes by
humankind has led to a new technological advancement. Membranes can be defined
as a barrier which selectively permeates material through its pores or channels [16].
Membranes have been improved over the past two decades to provide viable
solutions to many challenges faced by mankind with respect to global pollution,
large-scale energy efficient separation and they are also key components in advanced
equipment systems such as battery packs, solar cells, purification processes etc.
Membranes ideally function by providing a higher membrane flux, which is defined
as the amount of permeate produced per unit area of membrane, where improved
selectivity and their pore dimensions and shapes control the membrane stability [17].
Polymeric and inorganic membranes have shown great potential for industrial
applications, but they fail in terms of permeability and selectivity. Membrane
technologies are addressed to various filtration types such as microfiltration, ultra-
filtration, nanofiltration, reverse osmosis, forward osmosis, dialysis, electrodialysis,
gas separation and pervaporation. Metal–organic framework compounds (MOFs),
molecular sieves and carbon nanotubes (CNTs) have been extremely successful in
showing excellent reverse osmosis membrane permeation flux [18].

Existing membrane technologies have high cost and manufacturing difficulties,
but since 2010 the synthesis of 2D Gr helped manufacture atomic thickness and
nearly frictionless surfaced membranes with maximum permeate flux and minimum
transport resistance. Based on the membrane microstructures, Gr membranes can be
classified as porous Gr layer, assembled Gr laminates and Gr-based composites [17].
Manufacturing of Gr membranes can be done by mechanical exfoliation, chemical
exfoliation, chemical synthesis, pyrolysis, epitaxial growth and chemical vapor
deposition (CVD) [19]. The membranes produced from these manufacturing
techniques can fit into various roles depending on the requirements which can be
further divided as pressure-driven membranes, concentration-driven membranes and
electric-driven membranes [18].

Another important and growing field for Gr application is coating, which can be
defined as that material that can cover the surface of a particular bulk material
system, giving it unique and specific properties. Engineered coatings, both synthetic
and natural, are usually applied on surfaces for functional or decorative purposes
and even for both. Major goals can include but are not be limited to resistance from
corrosion, mechanical wear, fouling, environmental damage, microorganism
growth, bacterial and septic growths, mechanical damage protection and many
others [20]. Thus, the use of coatings in everyday life is immense, with considerable
usage in military, shipping, aircraft, automobile, medical, electronic and household
utility industries. Gr coatings interestingly have another functional applicability
where they can be designed to absorb chemical contaminants and hazardous gases,
such as NOx, CO, SOx, NH3, H2S, sulfur containing compounds like organothiols
and others [21], from various environments. This extends applications to absorbing
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toxins, resisting fire/frost/irradiation and killing bacteria, with the possible applica-
tions in protection against chemical and biological weaponry [19].

Conventional coatings, which have been used in various applications, often result
in weak outcomes or hazardous bi-products or are associated with negative impacts
on the environment, leading to many being banned or restricted from being used.
Tributylin (TBT) and hexavalent chromium (Cr(VI)), commonly used as metal
coatings for many decades, have been restricted due to the carcinogenic risks and
biocidal properties of the elements. The imposed limitation includes Cr(VI)
percentage to be reduced to only 0.1% in corrosion preventive coatings from
1 July 2007 [20], and TBT being completely prohibited as anti-fouling coatings to
protect marine life from 1 January 2008 [22]. Other components, substantially used
as protective coatings, namely, cobalt, copper and cadmium, have also been labelled
as carcinogens and toxic to the ecosystem. Therefore, it is extremely important for
the coating industry to find alternatives that are eco-friendly and useful. This work
illustrates the usefulness, applications and recent advancements in Gr membranes
and coatings that can be a viable alternative to the conventional materials used,
giving the industries a significant environment friendly and strong option. An
application-oriented classification of the various Gr-based membranes and coatings
is illustrated in figure 15.1.

15.2 Graphene membranes
Membranous structure developed by stacking layers of Gr or Gr oxide on top of
each other are known as Gr membranes or Gr oxide membranes. These resemble the
structure of nacre (mother of pearl). These membranes have the capability of
forming a perfect barrier against liquids and gasses.

Based on their microstructures they can be classified into three main types:
(1) a porous Gr layer,
(2) assembled Gr laminates, and
(3) a Gr-based composite.

Nanopores exist in Gr membranes, and they can be functionalized to facilitate
membrane separation which has recently emerged as a critical method for

Figure 15.1. Application-oriented of Gr-based membranes and coatings.
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addressing environmental issues. Due to its regulated pore size and shape, it is
perfect for increased permeate flux, higher selectivity, and improved stability. To
increase permeability and obtain better throughput, the membrane thickness must
be reduced, which will improve membrane performance [17].

15.2.1 Graphene membranes and graphene-based membranes

The Gr sheet itself acts as an excellent membrane for separation. The single carbon
atom thick Gr shows maximum membrane permeance that is inversely related to the
membrane thickness. The dense delocalized π-orbital cloud makes the single-layered
Gr impermeable to molecules as it blocks the gap within its aromatic rings. Bunch
and colleagues experimentally showed the impermeability of Gr sheets [23]. In
addition to its high mechanical strength and inert chemical properties, being one
atom thick with a two-dimensional structure has opened up several material
applications along with its usefulness in creating highly effective separation
membranes. Despite the excellent separation performance, fabrication of large-
area single/few-layered Gr membranes with uniformity in structure remains a
challenge [24].

On the other hand, the synthesis of Gr-based materials has a major influence on
the membrane synthesis, microstructure and permeability of the membranes as it
provides a more practical approach for application of Gr-based membranes. Out of
all Gr derivatives graphene oxide (GO) is considered to be one of the most important
one that exhibits similar properties to Gr but has a significantly large number of
oxygen atoms containing functional groups attached to the edges and basal planes of
the films, which can be any of the epoxy, hydroxyl, carbonyl and carboxyl groups. In
this context, the processes of phase inversion, solvent evaporation, in situ polymer-
ization, and melt mixing have produced the most successful high-performance
membranes [25].

15.2.2 Synthesis of membranes

Despite the excellent separation performance fabrication of large-area single/few-
layered Gr membranes with uniformity in structure remains a challenge, and the
physicochemical features of the GO sheet, as well as those of its derivative
membranes, may be easily tuned using these oxygen functional groups. On the
one hand, the hydrophilic groups provide for stable GO sheet dispersions in aqueous
conditions, allowing for easy processing and stacking [26]. Furthermore, the func-
tional groups give reactive handles for diverse GO alterations, allowing for easy
control of GOmembrane microstructures and chemical characteristics, as well as the
development of GO-based hybrid membranes.

Methods for generating Gr can be divided as either top-down or bottom-up
methods, as shown in figure 15.2, which are broadly classified into five major types:
(1) mechanical exfoliation, solution based exfoliation, electrochemical exfoliation
processes of a single Gr sheet from bulk graphite [28]; (2) crystal growth of Gr films;
(3) CVD of Gr monolayers; (4) unzipping of CNTs; and (5) reduction of Gr
derivatives such as GO high-quality Gr monolayers; however, ultrasonic cleavage of
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graphite and reduction of Gr derivatives enable for scale Gr layer manufacturing. In
general, GO is made using Brodie [29], Staudenmaier [30], and Hummers et al [31]
procedures, which involve oxidizing graphite to various degrees. The extent of
graphite oxidation, as measured by the carbon/oxygen ratio, is determined by both
the synthesis technique and the reaction time. Figure 15.3 shows the classification of
Gr-based membranes.

Figure 15.2. Illustration of the current method of preparation of Gr sheets. Reproduced from [27], copyright
2021, with permission from Elsevier.

Figure 15.3. Classification of Gr-based membranes.
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Figure 15.4 illustrates assembled GO laminates prepared by different methods
[24, 32]. The most common technique for making membranes is layer-by-layer
construction, melt technique, solvent/non-solvent coagulation, in situ polymeriza-
tion, solution technique, and spin coating. Hybrid composite and nanocomposite
membranes are given particular attention in membrane technology. The type of
additive, additive concentration, pore size, pore distribution, polymer concentration,
and fabrication method have all been proven to have an impact on the properties of
the membrane. Nanofiller content, random stacking of Gr nanosheets, and Gr
functionalization all can influence the performance and characteristics of
membranes.

15.2.3 Use of graphene as a membrane

With high selective permeability of Gr membrane, the potential use of it in food and
pharmaceuticals packaging can stop the transfer of oxygen and water, resulting in

Figure 15.4. Schematic of assembled GO laminates prepared by different methods [24, 32]. Top, reproduced
from [24], copyright 2015, with permission from Elsevier. Bottom, reproduced with permission [32], Copyright
2013, American Chemical Society.
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improved shelf life. As per the prediction of UN by 2025, 14% of the world’s
population is likely to experience water scarcity which brings out the question of
how can clean water be produced from recycling wastewater. Gr membranes have
been considered for this purpose as their nanochannels formed in their porous
structure helps eliminate impurities to a great extent. Highly selective permeability
of gasses is also possible with Gr membranes, which can help removal of carbon
dioxide from power station exhaust gases and Gr has the potential to carry out this
economically as well.

They can create membranes with little transport barrier and maximum permeate
flux since their surface is only one atom thick and almost frictionless. Because of the
significant electron density of its aromatic rings, the ideal single-layer Gr sheet is
impenetrable to gases as tiny as helium. Atoms and molecules attempting to pass
through these rings are repelled by them [23]. Therefore, early theoretical inves-
tigations concentrated on making porous Gr membranes by making holes in Gr
sheets to allow for the selective passage of water, ions, and gases [33–35]. Despite a
few recent attempts, the enormous issue of perforating selective pores in large area
continues despite outstanding separation performance being promised. As an
alternative, Gr, particularly GO nanosheets, can be put together into laminar
structures via filtration or coating techniques, creating quick and precise 2D
nanochannels for the transportation of tiny molecules. The ability to apply Gr-
based membranes for a variety of membrane processes, including pressure filtration
(such as ultrafiltration, nanofiltration, reverse osmosis, and forward osmosis),
pervaporation, and gas separation, are made possible by the membranes’ distinctive
microstructures and transport pathways [19].

15.2.4 Applications

Gr-based separation membranes or GBSMs make a major contribution in catalyz-
ing selective regulatory transmittance of various molecules through nanopores in
single-layer Gr and Gr derivative membranes for applications like water desalina-
tion, chemical mixture separation and gas control.

15.2.4.1 Gas transport
Porous Gr membranes have emerged as excellent alternatives for gas-separation
applications because of their atomic thickness that enables ultrahigh permeance, but
they have low gas selectivity. Ashirov et al [36] states that decreasing the pore size
below 3 nm is expected to improve gas selectivity due to molecular sieving and the
group studied a pore narrowing approach using gold deposition onto porous
graphene surface to tune the pore size and thickness of the membrane to increase
the number of small pores. In contrast, Yuan et al [37] stated the limitation of
etching-based pore generation methods that cannot decouple pore nucleation and
pore growth which leads to a trade-off between high pore density and high
selectivity. In their work, they have highlighted the advantages of CVD that exhibits
high pore density while maintaining its gas selectivity. One distinctive feature of
stacked Gr or GO nanosheets is the capacity for adaptive and dynamic layer
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distances. The stacking structures can be carefully controlled to further enhance
separation factors and flow rates. In fact, the stacking strategy results in many-
layered GOmembranes that behave as either molecular-sieving membranes (method
two) or nanoporous membranes (method one). Both membranes exhibit CO2-philic
permeability activity, and the addition of water further increases this tendency. As
such, these membranes are promising materials for industrial CO2 separation
processes related to petrochemical engineering (CO2 removal from natural gas),
the environment (CO2 capture from fuel gas), and biomass energy (CO2 recovery
from landfill gas). Figure 15.5 illustrates the gas transport behaviour through GO
membranes.

15.2.4.2 Liquid filtration
Unimpeded water permeation through GO laminates encouraged researchers to
explore Gr-based membranes for water purification. Though porous Gr monolayer
with 2 nm hydrogenated of hydroxylated pores are predicted to efficiently filter
NaCl salt from water with ultrahigh flux as stated by Liu et al, the obtainability of
such a perfect membrane remains a challenge. The ease of preparation for GO
membranes through vacuum filtration or layer-by- layer method have been studied
experimentally for nanofiltration (NF), ultrafiltration (UF) and forward osmosis
(FO) (figure 15.6) [33].

Nanochannels formed within the interlayer spacing of GO membranes were
thought to be the primary transport routes, which appeared to be reasonable given
the presence of only a very small areal ratio of intrinsic defects within GO flakes that
could be simply blocked by the adjacent sp3 oxidized regions upon mutual stacking.
This means that Gr desalting membrane preparation method can be divided into
two types (figure 15.7). In the first process, the preparation of single-layer nano-
porous Gr (porous Gr membrane, PGM) uses nanopores to achieve desalination.

Figure 15.5. Modelling of gas transport behavior through ultrathin GO membranes. The Gr membrane is
placed in the middle of the cell while the Gr piston is on the left. Carbon atoms are represented in gray/black,
oxygens in red and hydrogens in white. The shaded areas represent the van der Waals surfaces of gas
molecules. Reproduced [38] under the terms of the Creative Commons Attribution 4.0 unported license.
Copyright 2018, MDPI.
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Figure 15.6. Membrane based liquid phase filtrations.

Figure 15.7. Schematic representation of the types of Gr-based membranes. Possible membrane configurations
that can be developed with the use of Gr: (a) nanoporous single-layer Gr, (b) multilayer Gr (laminates) and
(c) Gr-based composites. MOF: metal–organic frameworks. Reproduced [39] under the terms of the Creative
Commons Attribution 4.0 unported license. Copyright 2020 MDPI.
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In the second, the assembly of Gr layer by layer (layered GO membrane, LGOM),
using a two-dimensional nano-channel between adjacent GO layers achieves
desalination. Both can control the separation performance of the Gr separation
membrane by modification of the size of nanopores or the interlayer spacing of GO.

15.2.4.3 Biomedical
The applications of Gr membranes in biomedicine include DNA translocations
through Gr membrane nanopores towards the fabrication of devices for genomic
screening, in particular DNA sequencing (figure 15.8); sub nanometer trans-
electrode membranes with high throughput nanopore-based single-molecule detec-
tors; antibacterial activity of Gr, graphite oxide, Gr oxide, and reduced Gr oxide;
nanopore sensors for nucleic acid analysis; and use of Gr multilayers as the gates for
sequential release. These set the trend for using GMs and GBSMs for biomedical
applications.

15.2.4.4 Fuel cell
Fuel cells have been found to be more energy efficient than conventional engines
that transform chemical energy of fuel into electrical energy by utilizing some
mechanical energy. So, more research is underway to find environment friendly,
sustainable and highly efficient energy conversion and storage systems which are
economical at the same time. Electrochemical fuel cell technology is important in
providing clean and sustainable energy conversion systems for continuous energy
supply. Gr dispersion over conductive electrodes provides electrochemically active
sites, which improves electrocatalytic activity in oxidation reduction reactions and
fuel oxidation. The main issue with fuel cell degradation is corrosion of bipolar
plates, which can be reduced by using Gr-based metal composites [41]. Gr and
related materials have been used successfully in polymeric fuel cell membranes. An
increase in Gr loading to an optimum level has been found to improve proton
conductivity, ion transport, and current density at low operating temperatures [42].
Figure 15.9 depicts a typical lithium ion battery (LIB) with graphite as the anode.

Figure 15.8. Schematic display for DNA sequencing through Gr nanopore. Reproduced with permission [40],
copyright 2012, American Chemical Society.
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15.3 Graphene coatings
15.3.1 Coating techniques

Gr-based functional coatings can be fabricating by tailoring many aspects, out of
which the two key parameters are the Gr structure and the surface properties of the
corresponding Gr [44, 45]. The modifications of the Gr’s surface and structure form
the important basis to not only achieve tunable surface properties, but also to ensure
that the desired contact disposition and film formation is achieved on the substrate.
Inherited primarily from the studies of CNTs, there are numerous studies showing
different possible ways of achieving the desired modifications of the aforementioned
two aspects [46–48]. These methods have been systematically categorized based on
their functionalization (covalent and non-covalent), immobilization (nanoparticle)
and substitutional doping [49–52], with the achieved coatings that have several
applications in different industries, figure 15.10.

The easiest method for functionalizing the Gr surface is through controlling the
oxidation of the graphite flakes, which generates GO, whose basal plane and edges
contain the functional groups of epoxy, carbonyl, hydroxyl and carboxyl [25, 45, 53, 54].
Additionally, the GO’s stepwise and selective reduction via thermal and chemical

Figure 15.9. Schematic demonstration of typical LIB comprising graphite as anode, lithium iron phosphate as
cathode, and lithium salt-based electrolyte. Reproduced [43] under the terms of the Creative Commons
Attribution 4.0 unported license. Copyright 2020 MDPI.
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modification methods can result in the removal and reduction of oxygen, which will
in turn result in transforming the hydrophilic GO to reduced GO (rGO), which is
hydrophobic [55, 56]. The oxygen-containing functional groups, present in the basal
planes and edges of the GO structure, play a useful and important role to form
covalent bonds with polymers, diazonium compounds, chromophores and other
organic molecules [49, 57]. Other significant covalent bonding includes those with
halogen groups that are highly reactive, which can result in the enhancement of useful
properties, including energy storage, electrochemical sensing and heat spreading [58].
Gr and GO structures, with improved functionalization, have also been observed to
substantially help in nano-architectonics, whereas nitrogen (N), oxygen (O), phos-
phorus (P) and boron (B) doping of the Gr structures has been proven to improve their
catalyzing performance. Moreover, significant effects on the Gr surface’s properties
and structure have been observed due to the non-covalent interactions with cationic
and anionic molecules and hydrogen bonds, resulting in Gr π-systems [49, 52]. The
various diverse methods of functionalizing Gr thus provide ample opportunities for
developing improved coatings and protective layers for different applications, that can
help in corrosion, fire retardancy and protecting from the spread of bacterial infection,
toxic compounds and fouling. These diverse possible applications of Gr coatings,
figure 15.10, will be discussed elaborately in the remaining part of the chapter.

Numerable methods have been implemented for preparing protective coatings
from Gr, which include CVD [59–62], rapid thermal annealing (RTA) [43], high
temperature pyrolysis of the organic molecules [63, 64], electrostatic powder and
plasma spray coatings (powder spray) [65], electrophoretic deposition (EPD) [66–68],
dip coating [69, 70], drop casting [71], solution spray [72, 73], spin coating [66, 74],
brushing [75] and vacuum filtration [76]. These methods can be broadly classified
into two types of coating techniques, dry and wet techniques, some of the important
and widely used ones being detailed in table 15.1. The various methods, listed under

Figure 15.10. Some overarching protecting applications of Gr-based coatings. Adapted from [20] with
permission from the Royal Society of Chemistry.

Recent Advances in Graphene and Graphene-Based Technologies

15-12



Table 15.1. Commonly used dry and wet coating techniques for fabricating Gr-based protective films.

General
coating process

Types under the
methods Concepts

Dry CVD • Methane and acetylene gases form the precursors.
• Argon and hydrogen gases are injected inside a CVD reactor
• The reactor is at very high temperatures, around 1000 °C,

and synthesis a corrosion-resistant Gr coating.
Rapid thermal

processing

• Organic materials, namely, polyacrylonitrile, coronene,
naphthalene and anthracene are applied on the metal
substrate

• The deposited substrate then is converted into a multilayer
Gr coating by pyrolysis at around 1000 °C.

Powder spray • Gr-based polymer composites are mixed with a binder and
with pigments, granulated in powder form.

• The powder mixture is usually sprayed electromagnetically,
after which it is cured under heat.

• A compact film remains as residue after the drying process.

Wet Electrophoretic
deposition

• Negatively charged GrO is attracted to and deposited at an
electrode of opposite charge due to an electric field.

• The process once dried results in a compact film.
Solution spray • GO or GO mixed with other materials is dispersed in a

suitable solvent.
• The solvent is sprayed over the substrate.
• Finally, the substrate is cured under heat to achieve the

coating.
Dip coating • The substrate is initially dipped in solution of GO.

• It is then dried to achieve the film.
Spin coating • The substrate is rotated at high speeds on a disc.

• Dispersed GO solution is applied on it while rotating.
• Centrifugal force helps in spreading the coating material to

form a film.
Drop casting • The surface of the substrate is treated with cationic

surfactant
• Droplets of GO solution is added on it.
• The substrate is then dried in air or in an oven to achieve the

uniform film.
Vacuum

filtration

• Gr or GO coating dispersions are prepared, and the vacuum
filtered using a membrane support.

• The coating helps in depositing the Gr/GO sheets fabricating
GO-based antibacterial paper and anti-fouling coatings.

Brushing • Gr ink and GO-based paints are often used for coatings.
• They are prepared using a brush to form corrosion-resistant

thin films for metals and alloys.

Recent Advances in Graphene and Graphene-Based Technologies

15-13



the two broad processing techniques, have their own degree of usefulness that
depends on the sensitivity of the application and also that of the environment.
Further details on the techniques can be found in the study carried out by Nine
et al [20].

15.3.2 Applications and advancements

The various fabrication techniques, as detailed in the previous section, have resulted
in numerus applications of Gr coatings, and the field is regularly growing. The
applications have been segregated into broader fields, figure 15.1, and the critical
ones will be discussed in detail in this section with the primary focus on the
application and their utility, advantages and efficiency for the particular field.

15.3.2.1 Tribological aspects
Gr has been successfully used both as micro- and macro-tribological coatings,
resulting in positive tribological outcomes in different dynamic loading scenarios,
proving that Gr-based coatings have the ability to reduce wear or mechanical failure
of sliding surfaces [20]. The application of Gr coatings helps in two ways, firstly by
acting as a nanofiller and developing bridging networks and secondly as a solid
lubricant that helps in reducing abrasive wear. Often, application of Gr coatings on
generally weaker structures results in enhanced mechanical and structural performance
along with better tribological properties. One such example is aerogel, commonly used
in insulation and lubrication. Aerogel is in general lightweight, fragile and inelastic,
however, the application of Gr coating helps them to become super-elastic and
stronger, with the ability to resist mechanical fatigue [63]. Additionally, the coating
also increases the aerogel’s loss modulus by a factor of about 3 and the Young’s
modulus and energy storage modulus by a factor of about 6.

Steady-state operation of nano- and macro-electro-mechanical systems, which are
based on titanium (Ti), can be ensured by applying rGO coatings that act as anti-
wear and anti-frictional coatings on the surface [70]. Significant reduction in the
frictional and adhesion forces, providing less affinity towards humid environments,
can be achieved through self-assembled GO deposited on Ti that results in its
hydrothermal reduction and improved anti-wear properties, having wear depths of
below 500 nm. Wang et al [77] proved that in macroscale tribology, polyurethane
nanocomposite coating with only 2 wt.% of functionalized-GO, when applied on
polytetrafluoroethylene (PTFE) increases the tensile strength and Young’s modulus
by 71% and 86%, respectively. The wear-life of polymer-based Gr composite
coatings could also be increased by adding small quantities of Gr in polyamide
11, which is about 0.4 wt.%, that when added to even steel (ASTM steel 1045) results
in 462%–880% increment in wear resistance under a force of 150 N [20].
Additionally, Gr has been proven to have 10–30 times higher ability of suppressing
wear when compared to polymer composites containing graphite [72]. Furthermore,
inclusion of a greater amount of Gr (10%) in PTFE results in a wear rate of ~10−7

mm3 N m−1 from 0.4 × 103 mm3 N m−1 [78], which can be estimated to be about
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10–30 times higher than that achieved from adding a similar amount of micro-
graphite in polymer composites.

Substantial success of GO in tribological applications, has resulted in its extension
to the bio-tribological aspect with quite a few studies showing positive potential of
its application. One such example is the implant bearings for joint implants, where
the use of GO-incorporated ultrahigh molecular weight polyethylene coating results
in the transfer of fatigue wear to abrasive wear, efficiently reducing the wear rate
[79]. Wear and friction in other commonly used biomaterials, namely, calcium
silicate and alumina, have also been reported to be significantly reduced by the
application of Gr-based coatings [65, 80]. Moreover, the number of adherent surface
particles increases with the increase in the Gr content in calcium silicate-based Gr
coatings, due to the increased wetting behavior or cell adhesion experienced in the
ceramic matrix [65]. Additionally, the inclusion of Gr platelets in silicon nitride also
has the potential to have enhanced tribological properties because the nanofillers
create an adherent protective tribo-film through exfoliation resulting from the high
pressure generated due to the sliding surfaces [81]. Gr reinforced ceramic coatings
also form a similar film through exfoliation, playing a significant role in stopping
delamination under bearing loads.

Wang et al [82] proposed, more than a decade ago, that the possible use of thin
films, made from solid lubricants, can potentially increase the lubricating perform-
ance in comparison to the commonly used bulk or powder forms. Gr-based coatings
helped to prove the hypothesis correct, because they work as a protective layer from
solid lubricants and reduce surface wear. Gr-nanoflake coatings are further proven
to have even more efficient tribological properties compared to graphite particles,
making Gr-based coatings new, emerging and a sort-after lubricant [83]. GO and Gr
have also been reported to be efficient as a solid lubricant [84] and as an additive for
the base lubricants [85–87]. Multilayered Gr coatings even have the ability to reduce
the puckering effect, an aspect usually experienced due to shear between layers in
general multilayered systems or laminates on a dynamic surface [20]. The presence of
Gr results in a passivation film that helps reduce frictional forces and adhesion
between the layers [88]. Thus, a thin tribo-film is formed in the layered Gr structures,
under dynamic loading conditions, resisting tribo-corrosion [88, 89].

The temperature sensitive rotational and transitional motions that can be
observed between the initial and final states of loading conditions enables the Gr
flakes to slide over each other, resulting in achieving a superior lubricity [90].
Substantially less number of Gr layers also has the ability to reduce the frictional
coefficients by factor of 6 between steels in both oxygen [91] and dry nitrogen [92].
Moreover, Gr-based materials work as better lubricants in reducing wear rate in
ethanol [92], oils [86] and even water [85]. The performance of Gr coatings in water
was studied elaborately with a tungsten carbide ball on a stainless-steel plate by
Kinoshita et al [93], who reported that in water Gr materials form a thin layer of
protective coating that has no significantly visible surface wear even after 60 000
cycles of frictional testing under a force of 1.88 N. Song and Li [85] even deduced
that multilayer GO coatings in water have superior tribological properties compared
to multi-walled CNTs (MWCNTs). Oleic acid modified Gr also showed the
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capability to reduce scar diameters by about 14% [87]. Overall, it can be concluded
that Gr and Gr-based oxides and other modifications as fillers in polymers and
ceramic-based protective coatings have superior performance compared to conven-
tional lubricants with many promising applications.

15.3.2.2 Corrosion and weather proofing
Studies on Gr have proved that the impermeable 2D structure exhibits exceptional
barrier properties, resulting in excellent corrosion resistance and weather proofing
[8]. The physical structure of Gr is principally responsible for providing the excellent
resistance or barrier properties. The Gr lattice is comprised of hexagonal structures,
which has a pore diameter of 0.246 nm [73, 94]. While considering the van der
Waal’s radii of carbon atoms, these pore diameters further reduce to 0064 nm.
Therefore, it becomes very difficult for even smaller atoms, like helium, to cross
through the pores [11]. Additionally, the π-conjugated network of carbon atoms,
which is dense and delocalized in Gr molecules, helps blocking the gaps within the
closed packed atomic rings and establishing a repulsive field to reactive atoms and
molecules. This helps in creating an actual physical separation between the surface
that is being protected and the reactants in the environment [20]. Due to these
excellent properties, even a single layer of Gr coating has the ability to block oxygen
permeation, with studies suggesting that Gr-based coatings are the thinnest known
corrosion-resistant coatings [9].

CVD has been the most used technique of fabricating barrier systems for
corrosion resistance from Gr. Chen et al [59] gave one of the pioneering reports
of the concept, where a single-layer Gr-based coating was proved to be sufficient for
protecting copper and copper/nickel surfaces from liquid etchants and air-oxidation.
A later repetition of the work further proved that Gr-based coatings fabricated
through annealing at 500 °C also had improved barrier protection, compared to
general coatings [95]. Although effective as a short-term corrosion-resistant barrier,
the single layers often resulted in eventual oxidation due to the wrinkles and possible
point defects caused due to synthesis and transportation. Therefore, multilayered
Gr-based coatings were fabricated, which proved to solve the issues with a single
layer, making the coatings long-lasting and even more efficient [60, 61, 96–98]. It is
interesting to note that, CVD-based coatings can both be grown on the material
where protection is needed or grown externally and then transported mechanically
and laid on the surface for protection. Studies have shown that the mechanically
transferred layers had five times greater corrosion rate, compared to that of the in
situ grown one [60]. Additionally, it is important to have defect-free single-layered or
multilayered systems with Gr-based coatings because oxygen and water permeance
will oxidize the layer to be protected resulting in wet corrosion and crack
propagation along the defects. This oxidation is not very pleasing, as the corrosion
has been reported to be more severe when compared to normal corrosion without
any coating due to the electrochemical reactions occurring all across the surface [99].
Studies have also been conducted to compare the pioneering CVD method with
other known methods, as far as corrosion resistance is concerned, such as electro-
phoretic deposition of GrO [66], layer-by-layer deposition of GrO and
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polyethyleneimine [100], nano-paint fabricated from GO [75] and templated epoxy-
based hydrophobic coating [101]. Detailed comparison can be observed from the
review work illustrated by Nine et al [20].

Another interesting and useful application of Gr-based coatings is anti-fouling
coating. One of the most widespread issues, when it comes to fouling, is the
deposition of inorganic and organic materials in various marine vessels and
structures. This issue is huge, and the estimated cost for repairing fouling damage
in the hulls of the US navy alone is in the range of $180–$260 million per year [102].
Moreover, with the ban on TBT, the fabrication of new anti-fouling coatings has
become extremely important [20]. Strategies generally used to fight surface fouling
include self-cleaning, biocidal, biomimetic nanostructure and amphiphilic surfaces
[47, 102]. Gr can be successfully used as an anti-sticking coating system, where the
surface tailoring can help in generating excellent anti-fouling coating with desired
wettability and polarity [55, 56]. Two types of Gr-based coatings, superhydrophobic
and superhydrophilic, can be used as anti-fouling coatings [74, 103]. Additionally,
the impermeable structure further helps in rejecting salts when Gr-based coatings are
done on membranes [104]. Carbon-based coatings are commonly used as anti-
fouling agents, due to their known anti-settlement, antibacterial and salt rejection
abilities [105–110]. Thus, the success with other allotropes of carbon has inspired
work with Gr, which also has been proven to have superb antibacterial properties
[111], controlled protein adhesion [112], flexible surface chemistry [50] and the
ability to form covalent bonds easily with polymers on functionalization [113]. Gr-
based coatings have been able to demonstrate excellent anti-fouling capabilities, due
to their resistance to dust, marine salt, protein, cell and microorganism depositions
on the surfaces.

Titanium dioxide mixed with Gr has been proved to have improved photo-
induced self-cleaning ability, which showed increased hydrophilicity and perform-
ance even under low UV intensity [74]. Thus, it can also be used for light indoor
applications. Water contact angle measurements on oligomeric silsesquioxane
(POSS) and CNTs mixed with Gr were observed to be 155°, proving to be a
superhydrophobic, bi-functional and conductive coating [103]. The study concluded
that Gr-based nanostructured coatings have the potential to resist water and snow
deposition on windows and other devices, along with being self-cleaning.
Superoleophobic anti-fouling coating can also be possibly made on Gr coated
cotton fabrics, through controlled flourosilanization treatment [114]. Another simple
way of creating Gr-based foulant resistant coating is to use the Gr molecules as
pigments or fillers in common paints. Studies have shown that using GrO pigments
with alkyd resin can resist microorganism colonization and biofilm formation [75].
Cell adhesion was also reported to be reduced in Gr-infused gallium nitride
nanowire film due to the nanostructure and surface wettability influenced by GO
[115].

Wastewater treatment studies have further shown that only 1 wt.% inclusion of
GO in polysulfone can result in huge increase in anti-fouling properties, where the
formation of biofilm on membranes can be largely reduced [116]. The reason being
the increase in negative zeta potential value by GO due to the negatively charged
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functional groups containing oxygen. Many other studies have shown enhanced
performance of Gr-based composite coatings as anti-fouling agents in bioreactors
[117], which can even resist follow-up fouling due to the ability of surpassing the
deposition of particles that avoids internal clogging of the pores. Other applications
include introducing GO into polysulfone to reduce salt deposition [104], GO/
polyaniline-modified coating that results in 82% NaCl rejection and many others.
In summary, again the chemical structure and the impermeable lettuce structure
helps in fabricating various types of composite coatings that have immense potential
as corrosion and anti-fouling agents.

15.3.2.3 Fire-retardancy
The general and industrially accepted flame retardants usually contain halogens,
phosphorus and melamine compounds, which are generally toxic to humans and
also to the environment. Moreover, it has been observed that a high amount of fire-
retardant (FR) fillers tends to reduce the strength of the composites [118, 119]. With
the introduction of Gr, it has been proved that the loading of FR fillers can be
reduced substantially while improving or maintaining the mechanical integrity of the
composites [20]. It has been proven that Gr fillers have the potential to increase the
composite’s operating temperature, reduce the overall moisture content, protect
from lightning strikes by improving the compressive strength and can even induce
antistatic behavior [1]. The incredible thermal stability, even at elevated temper-
atures of around 2126 °C, of Gr has helped in exploiting their use as FR fillers,
although there are possibilities of experiencing high vibrations at higher temper-
atures [120]. However, mono-layered structures usually show higher vibrations,
whereas multiple layers have been proved to show more stability [20]. Additionally,
multilayered Gr coatings prepared via mechanical cleavage method have been
proven to be more stable compared to the same multilayered structure prepared
through CVD, due the stronger interlayer π–π interaction [121].

Gr and GrO based materials can further be considered ideal for applications
concerning high temperatures because of their significantly high thermal conductiv-
ities ranging between 2000 W m−1 K−1 and 5000 W m−1 K−1, almost complete
impermeability to gases, excellent mechanical properties and proven capability to
dissipate heat [2, 4, 11]. Studies have shown the potential of Gr-based materials to
reduce peak heat release rate (PHRR) [65], rate and amount of smoke production
[122], increase thermal stability [123], reduce limiting oxygen index (LOI) values
[124], increase char yield [125] and reduce melt viscosity index (MFI) [126] and
dripping properties [126]. All these positive findings have resulted in the growth of
Gr-based FR fillers in many studies of recent times. In should also be noted that,
even though most of the Gr-based materials have the potential to enhance both fire
and mechanical performances of the composite, a high amount of rGO has been
found to be mechanically detrimental even though the thermal properties do get
enhanced substantially.

Wang et al [126] provided one of the first ever studies on Gr-based FR fillers,
where the polymer matrix induced with Gr developed a barrier system that was able
to delay the time to oxidation. 5% loading of graphite, its oxide and functionalized
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graphite oxide into epoxy-based coatings have also been proven to reduce the
PHRR of the composites [127]. Glass transition temperature, and thus thermal
stability, was also reported to increase with the infusion of GO fillers in polyurethane
acrylate [123]. Other studies on nanofillers made from expanded graphite have also
shown that the thermal absorbing ability and time to ignition increase, whereas the
PHRR decreases for the polymer matrix composite. The synergistic effects of Gr
with other FR additives, such as cuprous oxide, intumescent FRs, 9,10-dihydro-9-
oxa-10-phosphaphenanthrene-10-oxide, multi-walled CNTs zinc sulfide and molyb-
denum di-sulfide, in polymers have illustrated second degree improvement in fire
performance [122, 124–126, 128–131].

The well-established ability of Gr-based nanocomposite filler to take the tortuous
path for creating impermeable layers also helps in substantial reduction in smoke
production by hindering the escape of degraded materials in the form of volatiles,
mainly carbon monoxide that ensures eliminating on the major hazards during fire
[122]. Apart from reducing smoke production, as can be imagined, the barrier also
helps in reducing the LOI and PHRR values, proving to be an effective FR filler. Gr
and multi-walled CNTs have also been reported to work in synergy and reduce the
smoke production by suppressing volatile escape [124]. Another way in which Gr-
based fillers have been shown to be able to enhance fire performance is by increasing
the amount and rate of char production, where Gr flakes infused with zinc sulfide
resulted in densifying the char produced in an epoxy-based polymer composite [129].
The studies performed on Gr-based fillers FR materials show great potential in
many applications where it is imperative to protect the structures from fire and other
forms of thermal damage, including laser irradiation [132].

15.3.2.4 Medical implants
Relatively new alloys, namely, nitinol (NiTi) and good old stainless steel are the two
most commonly used metals as medical implants because of their superior
mechanical properties [133–135]. However, there are substantial challenges, of
which the most critical ones are bio- and hemo-compatibility and cytotoxicity of
the exogenous materials. The poor hemo- and biocompatibility can be attributed to
the metallic nature of the alloys, which results in leaching, proliferation, thrombosis
and reduced cell adhesion once flowing blood comes in contact with the surface [133,
136, 137]. Additionally, strong immunological responses can be caused when the
living cells and/or proteins come in direct contact with the metallic alloys, which
might also result in a cascade of biochemical reactions affecting the functionality of
the device [138]. Thus, it becomes very important to ensure the interactions of the
implants with the surrounding environment are under control and within expect-
ations. One of the common ways to reduce and/or prevent such issues in biomedical
implants is surface modification or coating. A surface coating that is ideal will have
chemical inertness, excellent adhesion strengths, good bio- and hemo-compatibility
and high smoothness. Before the use of Gr, many other materials, including a few
allotropes of carbon, such as TiO2, TiN, SiC, diamond-like carbon and various
polymeric materials have been employed as possible coatings for the implants to
reduce the interaction [139–148]. Unfortunately, none of them have been able to
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meet the stringent criteria that must be adhered to for a commercial and
suitable coating of biomedical implants.

This increasing and everlasting issue saw the light of possible solution with the
invention of thick sp2 carbon allotrope, in the form of Gr, which opened new doors
for fabricating novel multifunctional coatings for various applications, including
biomedical implants. Gr-based coatings are expected to be the ideal candidates for
surface coating of implants due to their chemical inertness, high durability and
smooth atomic structure. Podila et al [138] proved that Gr-NiTi, NiTi coated with
Gr, can actually meet all the required functional needs, while having some more
advantages. The additional advantages include supporting endothelial cell growth
and smooth muscle growth that leads to excellent cell proliferation. Microscopic
analysis revealed no charge transfer between fibrinogen and Gr, which can be
possibly caused because of the ability of the Gr coatings to reduce or inhibit platelet
activation by implants. Moreover, their biocompatibility was also confirmed by
proving that Gr-based coatings do not show any type of substantial in vitro toxicity.
These observations along with the known aspect of Gr being chemically inert and
durable prove that Gr-based coatings are ideal for surface coating biomedical
implants, and there is huge potential in this aspect.

15.3.2.5 Antiseptic and antimicrobial
One of the comparatively newer and developing area of Gr-based coatings is
antiseptic and antibacterial applications, where it is critical to protect structures and
systems from harmful pathogens and bacteria. Proper coatings on surgical instru-
ments can substantially help in decreasing the post-surgery complexities and thus,
accelerating the healing process. Other than medical devices, other industries that
also demand antiseptic coatings are food and beverage industries required for
storing and marketing [149, 150]. Gr-based coatings have still proven to be the most
recent antibacterial and antifungal coating that has no substantial or known toxic
effects on the human cells or on the ecosystem [111, 151–156].

Studies showing potential in using Gr-based antiseptic coatings have primarily
fabricated bandages made from biocompatible materials, namely silver [157] and
chitosan–PVA nanofibers [158], coated with Gr and tested successfully on healing
wounds of rabbits and mice. GO flakes have also been used as fillers in polyelec-
trolyte coating, having porous structures, in blood and vascular applications with
the coatings having antithrombogenic and antibacterial functions [159].
Bacteriological analyses of the coatings showed that the GO flakes were successful
in reducing bacterial presence on the surfaces of the coated structures. Furthermore,
the authors also performed dynamic blood analysis, which proved that the
composite coating helped in stronger platelet consumption, higher coagulation
and stronger immune responses. Santos et al [160] were the pioneers in introducing
Gr–polymer composite coatings with proven advanced antibacterial effects and were
applied in industrial and biomedical fields. It was proven by the authors that the GO
and poly-N-vinyl carbazole coating had the ability to reduce bacterial colonization
by about 90%, when compared to non-modified surfaces. Another study has also
pointed to the possibility of using GO-based antibacterial paper inhibiting the
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growth of bacteria (Escherichia coli), which can be further modified and used in
coatings for applications in medical devices and food packaging applications.

The antibacterial mechanisms of Gr-based coatings and its oxide can be primarily
associated with disruption of the bacteria or bacterial membrane [10] and oxidative
stress [151, 161]. These phenomena take place through few unique mechanisms that
include insertion of the Gr-based membranes sharp edges into the bacterial
membrane [10], charge transfer [158, 162] and through intertwining resulting in
the bacterial membrane’s perturbation [111]. Interestingly, most of the studies have
reported observing that the first unique mechanism of insertion by the Gr-based
membrane is the most active mechanism [10, 111, 152, 153]. The mechanism of
intertwining has also been reported to be observed in some studies where a wide
range of GO sheets intertwine with the pores of pathogens, resulting in electrolyte
leakage from the fungal spores, reduction in the potential of the bacterial membrane
and eventual lysis and death of the pathogens [111]. The third mechanism has also
been reported to be observed between a bacterium and a GO coating [153]. GO is
made up of negative charges and can work as a good electron acceptor that in turn
damages the bacterial membrane. Another example being the relatively easy damage
to the prokaryotic cell’s DNA structure by electron from the Gr coating due to
the lack of nuclear membrane. Krishnamoorthy et al [152] also reported that the
antibacterial properties of Gr-based coatings are potentially higher than the
commonly used drugs. Therefore, although it is a less ventured field, the potential
is immense and proper studies are needed to ensure a smooth and fruitful transition
of Gr and GO-based coatings for antiseptic and antimicrobial applications.

15.3.2.6 Mechanical damage-proofing
Gr coatings have been proved to have excellent mechanical damage-proofing ability,
an application which has often demonstrated to be even more efficient than fire and
corrosion resistance. The reason behind its efficiency in wear and scratch resistance
can be attributed to it being the lightest [163], thinnest [163, 164] and strongest
known nanomaterial [4]. The monolayer coatings have been reported to be able to
withstand extremely high-pressure differences of 6 atm, which indicates their
mechanical robustness [11]. Gr is known to have incredible mechanical strength
due to the strong C–C covalent bonds, resulting from the sp2 hybridization observed
in the closed pack hexagonal crystal structure that has a bond length of 0.142 nm
[20]. The strength can be quantified by the reported elastic modulus of 0.25 TPa in
chemically modified GO, through exfoliation [165]. Furthermore, a monolayer of
defect-free Gr has been reported to have an elastic modulus of 1 TPa, which gives an
intrinsic breaking strength of 42 N m−1 [4].

Previous studies [165, 166] have further shown that Gr coatings have the potential
to eliminate or reduce different mechanical failures as they can toughen and
strengthen the loaded surface and help in stress distribution along the entire
structure. They also have proven ability to bridge grain boundaries, especially
useful in brittle and fragile materials, that help in adding an extra reinforcement in
materials, such as ceramics [1, 3]. Reinforcing with Gr nanofillers helps during crack
formation by crack branching, resisting crack-tip propagation, bridging cracks and
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deflecting cracks [167]. One example is ceramic materials, where Gr coating can help
hindering the grain growth phenomenon, by assisting in deflecting, branching and
bridging the cracks that usually propagate under severe loading conditions.
Furthermore, 2D Gr coatings and fillers also have the potential to enhance the
flexural modulus, cold modulus of rapture and force displacements, with proven
performance in ceramic matrices [168]. In general, the overall mechanical perform-
ance of the host material is substantially enhanced by applying Gr coatings, where
the materials can withstand fatigue, structural collapse and permanent deformation
due to the operating stress distribution and increased elasticity. Additionally, the
improvement in the materials’ structural integrity assists in improving the wear
resistance of the sliding surfaces [20].

15.4 Concluding remarks
The details outlining the scope and quality of Gr, GO and functionalized GOs prove
that they have immense potential in membranes and coatings applications. There
has been unprecedented progress in the field of Gr research due to their excellent and
superior chemical and physical properties, which outclass most of the commonly
and traditionally used materials in the industries. There are broad application areas
that can actually benefit from the use of pure Gr, Gr-based or Gr-enhanced
composites and GOs that can provide superior protective properties with mini-
mal-to-negligible disadvantages. The literature and the current chapter also outline
the possibility of further enhancing the protective and barrier properties by
modifying the structure of Gr and the microstructure of the nanomaterials. It is
important to note that in many research fronts the use of Gr and Gr-based coatings
have reached a technical readiness level of 8 and 9, with many industries
contemplating and planning the transformation. One of the most promising among
these techniques is polymer matrix composites with Gr nanoparticles, which has
immense potential in automobile and aerospace industries, and has already seen a
few applications. The authors believe that the current chapter will help in under-
standing the various possible application fields where Gr coatings and membranes
can be applied with potential to outperform the currently used products.
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Chapter 16

Magnetism in graphene

Sudipta Dutta, Soumya Ranjan Das and Souren Adhikary

Low-dimensional systems offer a plethora of interesting electronic properties owing
to the confined electronic degrees of freedom and associated quantum fluctuations.
One of the major breakthroughs in the quest for low-dimensional materials has been
the discovery of graphene. It is a strictly two-dimensional array of sp2-hybridized
carbon atoms packed into a monolayer honeycomb lattice. Graphene has emerged
as a wonder material, demonstrating unprecedented electronic, mechanical, trans-
port and optical properties arising from the confinement of charge carriers in truly
two dimensions. The possibility of achieving magnetism in graphene has especially
garnered immense attention. It is due to the itinerant behavior of its electrons that is
known to prohibit any spin localization and due to the electronic confinement in two
dimensions that suppresses any magnetic ordering at finite temperature as described
within Mermin–Wagner theory. In spite of these fundamental obstructions, gra-
phene provides numerous ways of inducing magnetism as evident from recent
studies. In this chapter, we present a detailed theoretical perspective of magnetic
properties of graphene along with recent experimental validations. We extend our
discussion towards the general two-dimensional materials beyond graphene in the
light of their unprecedented magnetic properties.

16.1 Introduction
Magnetism is a unique property of materials that has its origin from purely quantum
mechanical description of matter and can be experimentally realized in bulk
materials [1, 2]. It arises from the interacting electron spins and consequent spin
ordering that can translate till the macroscopic length scale. This phenomenon has
attracted sustained interest over the decades due to its complexity, diversity and its
huge application possibilities in electrical and electronic devices for data storage,
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energy harvesting and quantum information [3]. The advancement of a new era of
quantum technologies heavily depends on novel magnetic materials.

Enhanced quantum confinement and fluctuations in low-dimensional systems
modify the interactions and dynamics of the spins, leading to unprecedented and
novel magnetic phases [4, 5]. This has been tempting extensive fundamental research
along with their exploitations in achieving advanced spin and magnetic devices
[6–9]. Recent experimental sophistications enable us to fabricate such low-dimen-
sional magnetic materials that can validate a range of theoretical predictions based
on quantum condensed matter theory [10, 11]. This field was mainly confined within
the transition metal systems, since the localization of the d-electrons has been known
to result in magnetic behavior. The successful isolation of graphene by mechanical
exfoliation has changed that perspective [12–15]. Graphene has been a major
breakthrough in the quest of low-dimensional materials that has allowed researchers
to explore the electronic properties in strictly two dimensions [16–19]. It is also one
of the foremost candidates for future applications in carbon-based nanoelectronic
devices [20–22], owing to its high charge carrier mobility [23] and thermal
conductivity [24]. However, such a material with only itinerant p-electrons is not
expected to show conventional magnetic behavior.

The planar honeycomb lattice of graphene consists of two nonequivalent
sublattices, A and B, as depicted by dark and light colored lattice points in the
shaded unit cell (see figure 16.1(a)). Because of that, graphene is called a bipartite
lattice. The electronic states of graphene near the Fermi energy are governed by
itinerant π-electrons originating from the pz orbital of carbon atoms. The motion of
these electrons in graphene is mainly described by the massless Dirac equation or
Weyl equation. The hexagonal Brillouin zone consists of two nonequivalent k
points, namely K and K′, also known as Dirac points (see inset of figure 16.1(b)). The
bands from two different sublattices of the 2D bipartite graphene lattice intersect at
the Fermi energy to give rise to an unusual conical energy dispersion, known as
Dirac cone and consequent zero density of states (DOS) at the Fermi energy

Figure 16.1. (a) Two-dimensional graphene honeycomb lattice (periodic in the x–y-plane) with dark (green)
and light (yellow) circles denoting the nonequivalent A and B sublattice points, respectively. The unit cell is
shown by the shaded rhombus along with the lattice vectors. (b) The scaled energy spectrum of graphene in the
irreducible Brillouin zone (shown in the inset along with the high-symmetric points) with the corresponding
DOS, calculated using the nearest-neighbor tight-binding model. The Fermi energy is set to zero (horizontal
dashed line) and the high-symmetric points are shown by the vertical dashed lines. The linear dispersion near
the Fermi energy at high-symmetric point K, i.e., at the Dirac point is zoomed in the inset to depict the Dirac
conical dispersion.
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(see figure 16.1(b)) [16, 25–27]. This unique energy spectrum of semi-metallic
graphene leads to highly unconventional electronic properties, such as the half-
integer quantum Hall effect [14, 20], the absence of backward scattering [18, 28, 29],
Klein tunneling [30] and the π-phase shift of Shubnikov–de Haas oscillations [31].
Furthermore, the magnetic ground states in analogous bipartite lattices and large
spin relaxation length in graphene have generated much hope of achieving magnet-
ism in graphene, in spite of its itinerant π-electrons [17, 25, 26, 32–35]. There have
been few previous studies on unpaired p-electron induced magnetic ground states in
organic materials [36–39]. However, the complete delocalization of π-electrons on
pristine graphene monolayer makes it extremely challenging to stabilize any kind of
magnetic ordering. Many successful attempts have been made towards this direction
in recent times [40, 41].

In the subsequent sections, we systematically develop this intriguing phenom-
enon. We first present the theoretical background, highlighting the scope of various
theoretical frameworks. Then varying defect-induced magnetism in graphene is
discussed in the light of non-bipartite lattice and edge states. This is followed by the
recent observations of proximity-induced magnetism in graphene. Finally, we
present very recent advancements of magnetism in two-dimensional systems beyond
graphene, especially in van der Waal’s magnetic systems from the perspective of
Mermin–Wagner theory followed by summary and outlook.

16.2 Theoretical background
The basic mechanism of magnetism in graphene lies in the bipartite nature of its
lattice that satisfies Lieb’s theorem [42]. The A and B sublattice points in pristine
graphene (see figure 16.1(a)) prefer to localize opposite spins that lead to the ground
state with zero magnetization. According to Lieb’s theorem, any inequality between
the number of sublattice points of A and B, i.e., NA and NB, respectively, induces a
net magnetization of (NA − NB)/2. This shows a potential way of making graphene
magnetic by creating sublattice imbalance. This will be further discussed in the
context of defect and grain boundary induced magnetism in graphene in subsequent
sections.

Non-interacting tight-binding Hamiltonian cannot capture such spin localization
in lattice systems. This makes the consideration of electron–electron correlations
indispensable. We consider the following Hubbard Hamiltonian that considers the
on-site Coulomb correlations [43–46].

( )H t c c U n nh c. . (16.1)Hubbard i j i j i i i, , , , , ,∑ ∑= − + +
σ σ σ

†
↑ ↓

The first term in the above equation is the kinetic energy approximated within
nearest-neighbor tight-binding model. The operator ci, σ

† (ci, σ) creates (annihilates)
an electron with spin σ at atomic site i, and ‘h.c.’ stands for the Hermitian conjugate
counterparts. The nearest-neighbor atoms are only considered, as denoted by the
angular brackets (〈.,.〉). This ensures electron–hole symmetry in the energy dis-
persion. The hopping integral, t is considered to be the energy scale for the numerical
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results. The second term includes the on-site electron–electron interactions through
U. Here, the number operator, n c ci i i, , ,=σ σ σ

† , denotes the spin-resolved electron
occupancy at atomic site i.

The two-electron operator in the second term of the above Hamiltonian makes
the numerical calculation extremely challenging, because of exponentially growing
many-body basis size. Many approximations have been proposed to tackle such
challenges [47]. Mean-field theory has been quite successful to overcome this with
close agreements with the experimental observations for weakly interacting systems
with negligible quantum fluctuations. Here, the unrestricted Hartree–Fock approx-
imation is considered to map the two-electron operator form into effective one-
electron operators by separating the up- and down-spin sectors, as follows [48].

⎡⎣ ⎤⎦

( )H t c c h c

U n n n n n n

. .

(16.2)
i j

i j

i
i i i i i i

MF
, ,

, ,

, , , , , ,

∑

∑

= − + +

< > + < > − < > < >

σ
σ σ

†

↑ ↓ ↓ ↑ ↑ ↓

In the above mean-field (MF) Hamiltonian, an electron of a specific spin
belonging to the atomic site i, interacts with the average-field or the mean-field
(denoted by the angular brackets) produced by the electron density with an opposite
spin orientation at the same site and vice versa. The above Hamiltonian has to be
solved self-consistently by minimizing the free energies with respect to the average
spin densities. After attaining the self-consistent convergence, the net magnetization
Mi (in units of Bohr magneton μB) at each atomic site i can be calculated via the
following expression.

M
n n

2
(16.3)i

i i, ,=
−↑ ↓

The total spin of the system S is then calculated by adding the contributions of spin
density from every site (S M

i
i∑= ). The spin moments and consequent net magnet-

ization depends on the strength of the scaled on-site Coulomb correlation U/t.
The mean-field results in graphene and its nanostructures have been validated by

comparing them with more accurate theoretical methods, like exact diagonalization
and quantum Monte Carlo simulations [49]. Moreover, with a proper choice of the
parameterU t/ (≈1) in the mean-field Hubbard model, a close agreement with the
first-principles methods has been achieved [50–52]. Nevertheless, the empirical
parameter U t/ has to be derived through comparison with experimental observa-
tions. Magnetic resonance experiments of soliton states in quasi-one-dimensional
trans-polyacetylene gives a close match of U/t (≈1.2–1.3) with that obtained in
theory for graphene nanostructures [53, 54]. In particular, for values ofU t/ above
2.23, non-magnetic graphene undergoes a Mott–Hubbard quantum phase transition
into an antiferromagnetic state with bulk spin polarization [55]. Therefore, the
magnetic graphene systems discussed in the following sections have been studied
theoretically by consideringU t/ 1≈ in the Hubbard Hamiltonian (equation 16.1).
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Note that, the Stoner criterion determines the onset of magnetism in these systems
and depends on the competition between the exchange energy gain and the kinetic
energy penalty due to spin polarization [56]. The energy splitting (ΔS) that causes a
gain in the magnetic exchange energy [57] is given by,

U
n

2
(16.4)

i
iS
2∑Δ =

where n
i

i
2∑ quantifies the extent of localization of the associated electronic state.

Equation (16.4) shows that irrespective of the extent of localization, the system
undergoes spin polarization for any non-zero value of the on-site Coulomb potential
(U 0> ) to prevent the instability of low-energy midgap states. This effect becomes
significant in reduced dimensions. The sp2-hybridized carbon systems usually tend to
be non-magnetic (NM) as the kinetic energy dominates the exchange energy.
However, this can be reversed due to quantum confinement and defects, thereby
endowing magnetism in intrinsically non-magnetic graphene nanostructures.

The ab initio electronic structure methods based on density functional theory
(DFT) have been extremely successful in probing the magnetic properties of
graphene and related systems. This is actually an effective mean-field theory that
maps the many-electron description of a system onto a single-particle picture,
thereby making the computation much easier [58–60]. Within this theoretical
framework, the systems are assumed to be weakly interacting with negligible
quantum fluctuations. This method shows good agreement with the mean-field
Hubbard results for graphene-like systems. We present a series of exciting results
and their agreement with experimental observations in the subsequent sections.

16.3 Magnetism due to sublattice inequality
As discussed before, the spin alignment in bipartite graphene lattice is described by
Lieb’s theorem [42]. Within repulsive Hubbard Hamiltonian, the total spin S of the
ground state of a half-filled bipartite system is given by (NA − NB)/2. Therefore, any
inequality of the number of A and B sublattice points leads to net magnetization in
graphene lattice. Such inequality can arise due to the vacancy defect or chemical
substitution. This can also happen due to the ill-defined sublattice symmetry and
associated spin frustrations. Lieb’s theorem holds for all dimensions, irrespective of
whether the system is periodic or not. In this section, we demonstrate the magnetic
properties of graphene systems in the presence of such defects.

The presence of different kinds of defects modifies the chemical, mechanical, and
electronic properties of any pristine system. However, such defects or disorders
cannot be avoided during the material synthesis or preparation. In the case of low-
dimensional systems like graphene, such defects or disorders are more common.
These can severely affect the carrier mobility and intrinsic electronic properties of
graphene due to unwanted scattering processes and hence has been considered as a
major deterrent. However, a growing body of theoretical and experimental
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investigations indicates that such defects can help in making graphene magnetic by
setting a long-range magnetic order.

16.3.1 Vacancy defects

Removal of one or more carbon atoms from a graphene sheet creates a vacancy in
the lattice. Such localized and randomly distributed vacancies are very common in
any graphene sample. In the case of an isolated single-atom vacancy that is termed
as point defect, there is formation of three dangling σ bonds on three neighboring
carbon atoms. This leads to lattice reconstruction or formation of non-hexagonal
carbon rings around the vacancy center [61]. Moreover, it creates an inequality in
the number of A and B sublattice points, thereby inducing net magnetization
according to Lieb’s theorem [42].

The magnetic ordering due to vacancy defects was first observed in high-energy
proton (~2.25 MeV) irradiated graphite samples [62–64]. The knock-on collisions
force the carbon atoms to leave their equilibrium position [62]. Proton irradiation
and hydrogen plasma treatment also can lead to the chemisorption of hydrogen
adatoms on the graphene surface [65]. In such cases, the carbon atom beneath the
hydrogen undergoes a change in hybridization from sp2 to sp3. Such sp3 defects
break the planarity and the π-electron network of graphene and act as scattering
centers. This is also akin to a vacancy defect, albeit without any dangling σ bonds
and consequent preservation of the three-fold symmetry of the graphene lattice.

The point defects due to vacancies and hydrogen chemisorption profoundly affect
the electronic and magnetic properties of graphene. In particular, they create an
imbalance in the π-electrons between the two nonequivalent sublattices of graphene,
giving rise to a quasi-localized zero-energy state in the energy dispersion and
consequent sharp peak in the DOS [66]. The dangling σ bonds around such defects
can also produce sharp DOS peaks arising from the non-bonding electrons [66]. For
hydrogen chemisorption, the peak in the DOS fully splits by magnetic exchange and
leads to a net magnetic moment of ~1 μB at any defect concentration per supercell
[66–69]. Moreover, the direct exchange coupling due to Stoner ferromagnetism
between the induced itinerant moments results in an unusual long-range spin texture,
extending over several nanometers and has been observed in STM experiments
[65, 66].

The lattice reconstruction around the vacancy can lead to formation of non-
hexagonal odd-membered carbon rings [61, 66]. Consequently, the bipartite nature
of graphene collapses, resulting in suppressing the magnetic moments due to spin
frustration. However, it is still estimated to vary from 1.12 μB to 1.53 μB for defect
concentration ranging from 20% to 0.5% per supercell [66, 68]. The defect-induced
magnetization can be tuned further by a gate voltage or an external electric field
[70–73], opening up new avenues for their use in spintronics. In spite of these
observations, there is a lack of consensus over the long-range room temperature
ferromagnetism predicted in these systems. Experimental studies have claimed that
graphene with vacancies or sp3 defects with fluorine adatoms [74, 75] show para-
magnetism and are devoid of any magnetic order at low temperatures [76–78].
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Nevertheless, the unique catenation property and consequent range of varying
hybridizations of carbon allows the formation of various unique defects in graphene.
In particular, the defects can originate from various local dislocations and grain
boundary formations in polycrystalline graphene, that can be characterized by
unique topological invariants [79]. All these defects bring new functionalities that are
not necessarily magnetic always. For example, the Stone–Wales defect in graphene
[80] is generated by the 90° rotation of a single C–C bond, resulting in the formation
of fused pairs of two five and two seven-membered rings in the hexagonal lattice.
The bipartite character of the honeycomb lattice collapses in such defects due to the
lack of sublattice clarity. However, due to conserved total number of atoms and the
three-fold symmetry of the honeycomb lattice, no magnetic ordering arises from it.
In contrast, the formation of a fused single pair of five and seven-membered rings at
the finite graphene boundaries has been predicted to show magnetic behavior [81].

16.3.2 Grain boundary

As we discussed before, the defects usually form during the experimental prepara-
tion of graphene. The most effective, low-cost, and scalable method to prepare
graphene has been the chemical vapor deposition (CVD) technique, which can
produce a large-area sample in a short time [82]. In this experimental technique, a
carbon-containing precursor molecule, mainly methane gas flows over a metal
substrate at very high temperature inside the CVD chamber. At such elevated
temperature methane dissociates and the resulting carbon atoms get deposited on
the metal substrate in random positions, forming several nucleation centers. With
time, those nucleation centers grow with gradual deposition of carbon atoms in
honeycomb fashion and form several graphene domains, as shown schematically in
figure 16.2(a). Such isolated graphene domains grow randomly in any crystallo-
graphic direction [83–85]. When two such gradually grown graphene domains meet
each other, the mismatch of crystallographic orientations along their in-plane
interface results in grain boundaries that do not necessarily conform with the
honeycomb arrangements of the lattice points in individual domains. Such grain
boundaries are generally made of non-hexagonal rings spanning over a relatively
longer length as compared to the lattice constant of graphene. The bipartite
symmetry of the graphene lattice gets broken in such non-hexagonal rings, as
shown schematically in figure 16.2(a). Merging of several such non-uniform domains
leads to a polycrystalline graphene sample with different grain boundaries that vary
in shape and size [83–85].

The network of point defects and grain boundaries in polycrystalline graphene
leads to considerable deviation from the characteristic behavior of pristine graphene
and can be a severe detriment to electronic transport [86]. However, such defects can
also result in localized magnetic states in the proximity of Fermi energy and can
significantly affect the transport properties [61, 87–90]. We explore such grain
boundaries from the perspective of broken bipartite symmetry and consequent
magnetism within DFT framework [61]. We consider large rectangular graphene
supercell and the corresponding rectangular Brillouin zone (dashed lines), as shown
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in figures 16.2(b) and (c), respectively. Note that, the change of supercell shape as
compared to the rhombus unit cell of graphene, makes the original hexagonal
Brillouin zone folded into a rectangular one with a new set of high-symmetric points
and irreducible Brillouin zone Γ–X–M–X′–Γ. Within such a supercell, we force two
graphene domains to meet with irregular crystallographic orientations that lead to
the formation of different grain boundaries. Here, we present two such periodic
grain boundaries containing fused four-eight and four-ten membered rings in
figures 16.2(d) and (e), respectively. Due to localized states arising from the dangling
bonds, such grain boundaries exhibit localization of spins, as depicted by spin
density plots in figures 16.2(d) and (e). Such asymmetric spin localizations give rise
to large net magnetization in the graphene supercells that breaks the time-reversal
symmetry. Here the grain boundaries in figures 16.2(d) and (e) show net magnet-
izations of 2.399 μB and 1.710 μB per supercell, respectively. The linear energy
dispersion of pristine graphene near the Fermi energy at high-symmetric point K
completely disappears due to these magnetic states, leading to an itinerant magnetic

Figure 16.2. (a) Schematic representation of chemical vapor deposition (CVD) technique of preparing
graphene on a metal substrate from methane precursor. It shows several graphene domains grown from
different nucleation centers. The bipartite nature of the graphene honeycomb lattice with two nonequivalent
sublattice points A and B in the rhombus unit cell with opposite spin localization is shown schematically in the
top left side. The fused five-seven-membered ring with lack of sublattice clarity (depicted by the question
marks) is shown schematically in the top right side. (b) The rectangular graphene supercell. (c) The two-
dimensional Brillouin zone of rhombus graphene unit cell is shown by hexagon with solid line. The rectangular
Brillouin zone of rectangular graphene supercell is shown by the dashed lines. The circular dots represent the
high-symmetric points. Panels (d) and (e) show the graphene system with two different grain boundary
geometries (shaded region) with spin density localizations. The supercell is shown by the dashed rectangles
along with the net magnetization values per supercell. Panels (f) and (g) show the spin polarized band
structures of graphene supercells in (d) and (e), respectively, along with corresponding total DOS (faded shade)
and projected DOS (darker shade) arising from the grain boundary regions. The vertical solid lines (horizontal
dashed lines) represent the high-symmetric points (Fermi energy). Reproduced [61] under Creative Common
Attribution 4.0 International License.
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system as shown by the asymmetric up and down-spin band structures and metallic
DOS at Fermi energy for both the defect structures (see figures 16.2(f) and (g)). For
the system with fused four-eight membered rings (figure 16.2(d)), a completely
(partially) dispersion-less flat band appears for the up (down) spin just below (above)
the Fermi energy (see figure 16.2(f)). In contrast, both the spins conduct for the four-
ten membered fused ring grain boundary (figure 16.2(e)), as shown by the dispersive
bands near Fermi energy in figure 16.2(g). The projected DOS clearly shows that the
bands near Fermi energy predominantly arise from the grain boundaries, indicating
their role in regulating the properties of CVD grown graphene systems. The
magnetic ordering along the grain boundaries can further be tuned by doping.
These observations agree quite well with the recent experiments on spontaneous
time-reversal symmetry breaking across graphene grain boundaries [91]. Therefore,
designing novel magnetic grain boundaries in graphene nanostructures will enable
the unique properties of these defect systems to be harnessed in various novel
spintronic applications, like asymmetric spin transport and spin-filtering.

16.3.3 Elemental substitution

We can achieve similar magnetism by elemental substitution or adatoms that change
the number of electrons and the nature of chemical bonding [92–99]. These in turn
shift the Fermi energy of the pristine graphene and can result in narrow impurity
bands near Fermi energy. It has been observed that in the presence of elemental
substituents like nitrogen (N) and sulfur (S), graphene behaves predominantly as a
diamagnet, with paramagnetic impurity centers imprinted onto it [92–95]. Upon
increase in the concentration of substituents, these paramagnetic centers couple
through the itinerant π-electrons, giving rise to Stoner ferromagnetism in graphene.
Theoretical studies have also shown that codoping boron enhances ferromagnetism
for N-substituted graphene [92]. The magnetization arising from such direct
exchange coupling are demonstrated by the Curie temperatures of 62 K and
69 K, respectively, for S- and N-substituted graphene in experiments [93, 94].
Besides non-magnetic atoms, doping transition metal atoms in graphene also
showed interesting magnetic behavior [100]. Furthermore, the surface chemical
functionalizations of graphane [101, 102], graphone [103], and reduced graphene
oxide [104, 105] systems with hydrogen and oxygen atoms and other functional
groups have been explored to imprint magnetism. However, their magnetic
signatures were demonstrated to be relatively weak at room temperature and
strongly dependent on the stoichiometry, internal defects, transition metal impur-
ities, and the level of oxidation. A judicious choice of defect engineering of graphene
systems using an amalgamation of vacancies, defects, and doping can thus open new
prospects in nanoscale magnetism.

16.4 Magnetism from nanographene edge
The most fascinating way of inducing magnetism in graphene has been through the
formation of edge, more specifically zigzag edge. Extensive theoretical studies have
been carried out to explore the unprecedented functionalities of graphene through
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the edge manipulations, modifications and functionalizations. A broad spectrum of
electronic, magnetic, optical and transport properties in graphene and related
systems originates from the unique boundary conditions and associated quantum
confinements in effective quasi-one-dimension [16, 25–27, 106–110]. Many novel
theoretical predictions have been motivating enormous experimental explorations in
recent times. In this section, we present a detailed discussion on edge-induced
magnetism in quasi-one-dimensional and zero-dimensional graphene and related
systems.

Phenomenal sophistications in experimental techniques that allow the prepara-
tions and characterizations with atomic scale precision have made such reduced
length scale accessible to us. They include top-down approaches like lithography
[111–113], the unzipping of carbon nanotubes (CNTs) [114, 115], solution dispersion
and sonication of chemically exfoliated graphite [116], or the epitaxial growth on
silicon carbide sidewalls [117]. In addition, recent experiments using bottom-up
synthesis provide graphene nanostructures with smooth edges with minimal disorder
and precise control of their edge terminations [118–120]. Depending on the chosen
precursor molecule in the bottom-up approach, different unconventional edge
geometries, like cove, chevron, and chiral topologies have been prepared, signifi-
cantly expanding their versatility in device applications [121, 122]. These have huge
bearing on the recent upsurge of cutting-edge quantum technologies.

16.4.1 Graphene nanoribbons

Termination of the pristine two-dimensional graphene sheet along the high
symmetry crystallographic directions results in two unique edge geometries, e.g.,
armchair and zigzag, which differ by an angle of 30° in their crystallographic
orientations, as shown in figure 16.3(a). The quasi-one-dimensional periodic ribbon
geometries with parallel armchair and zigzag edges are famously known as armchair
graphene nanoribbons (AGNRs) and zigzag graphene nanoribbons (ZGNRs). Their
energy spectrums and consequent electronic properties are remarkably different,
owing to their distinct boundary conditions. The AGNRs exhibit metallic or
semiconducting behavior depending on their width and subsequent boundary
conditions in the folded Brillouin zone [26, 107, 108, 123, 124]. The semiconducting
gap reduces with increase in width of the AGNRs. Nevertheless, the absence of
localized states in pristine AGNRs makes them intrinsically non-magnetic [25, 107,
108, 124].

In that perspective, the ZGNRs are quite unique in localizing the zero-energy
states along the edges. Figure 16.3(b) shows the geometry of the ZGNRs with the
width expressed in terms of the number of zigzag lines, Nz along the cross-ribbon
direction. The unit cell of periodic ribbon structure is shown by the shaded rectangle.
The dangling bonds on the edge atoms are assumed to be passivated by hydrogen
atoms that do not show any contribution near the Fermi energy, thereby not altering
the electronic properties of the system. Such a unit cell maps the original hexagonal
Brillouin zone of pristine graphene along the kx momentum axis (see figure 16.3(c)).
Due to the Brillouin zone folding, the Dirac points (K and K′) now lie on the line
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connecting the two high-symmetric points Γ and X (see figure 16.3(c)). Numerical
calculations within non-interacting DFT and tight-binding levels show that all
ZGNRs, irrespective of their widths, are gapless and feature an unusual pair of
partial flat bands from the Dirac point (ka 2 /3π= , where a is the lattice constant of
graphene) to the X point [124–128]. In figure 16.3(d), we present the tight-binding
band dispersion of ZGNR with Nz = 20. The partially flat top of the valence band
and bottom of the conduction band result in diverging DOS at the Fermi energy (see
figure 16.3(d)). These zero-energy flat bands arise from the localized edge states that
decay exponentially in the bulk [125–131].

Such a sharp peak in the DOS at the Fermi energy in the non-interacting energy
spectrum results in Fermi instability that is expected to either induce lattice
distortion via the electron–phonon coupling or magnetic polarization due to the
electron–electron interaction. As the localized edge states are non-bonding, it is
unlikely to cause any lattice distortions near the zigzag edge [124, 132, 133].
Therefore, the consideration of electron–electron interaction becomes inevitable to
understand the electronic properties of ZGNRs. These systems are generally

Figure 16.3. (a) Two-dimensional graphene lattice with zigzag and armchair crystallographic directions
(shown by dashed arrows), that differ by an angle of 30°. (b) The quasi-one-dimensional zigzag graphene
nanoribbon structure that is periodic along the x-axis. The width is defined by the number of zigzag chains, Nz

along the y-axis. The unit cell is depicted by the shaded rectangle with the lattice vector along the x-axis shown
by the arrow. (c) The hexagonal Brillouin zone of graphene rhombus unit cell. Due to finite termination this
gets mapped to the thick solid line spanning from Γ to X. The grey dots along the kx momentum axis show the
location of high-symmetric K and K′ points in the modified one-dimensional Brillouin zone. (d) and (e) present
the band structures and corresponding DOS of zigzag graphene nanoribbon with Nz = 20, as obtained from
tight-binding and mean-field level of calculations, respectively. Note that, the mean-field calculation
corresponds to the system, modeled within Hubbard Hamiltonian with U/t = 1. (f) The schematic
representation of spin ordering in the ribbon structure with opposite spins localizing on either edge with an
exponential decay of site-spin magnitudes towards the center of the ribbon.
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modeled within Hubbard Hamiltonian and explored through mean-field approx-
imations [125, 128, 134–137] or more sophisticated theoretical methods like density
matrix renormalization group (DMRG) technique [138] or configuration interac-
tions [139–142]. The mean-field energy dispersion of ZGNR with Nz = 20 shows the
opening of a bandgap at the Fermi energy due to electron–electron interaction with
a splitting of DOS at Fermi energy and consequent disappearance of Fermi
instability (see figure 16.3(e)). The splitting of DOS originates from the spin-
polarized edge states. Although the spatial spin symmetry gets broken upon
introduction of electronic correlation, the spin channels remain degenerate. The
spin polarized edge states lead to a peculiar spin ordering along the zigzag edge, even
in the presence of infinitesimally small electronic correlations (see figure 16.3(f)). The
ground state of ZGNRs exhibits parallel (antiparallel) spin alignment along
the same (opposite) zigzag edges, with an exponential decay of spin density towards
the ribbon center. The overall ground state is antiferromagnetic due to the vanishing
net magnetization, consistent with Lieb’s theorem of the half-filled Hubbard model
for the bipartite lattice [42]. Although the ZGNRs ensure the equality of two
nonequivalent sublattice points A and B, the magnetic order solely originates from
the edge geometry and consequent zero-energy modes. Similar results can be
obtained from the DFT based first-principles calculations. The second nearest-
neighbor hopping term breaks the particle–hole symmetry of the energy spectrum
but preserves the mirror symmetry of magnetization [143]. The spin degeneracy of
the ZGNRs can be lifted by applying an external transverse electric field along the
cross-ribbon direction [143–145]. In particular, one of the spin gaps gradually
increases along with the decrease of other spin gap with increase in field strength.
This finally makes only a single spin channel conducting and consequent half-
metallicity beyond a certain critical field strength [25, 26, 143–145]. The ZGNRs can
be made magnetic by blocking one of the edges by formation of lateral hetero-
structures with non-magnetic materials, having minimal lattice mismatch as well
[146]. This makes the ZGNRs a promising candidate for obtaining spin-polarized
current that is essential for spintronic and magnetic data storage applications. In
particular, the critical electric field strength beyond which ZGNRs behave as half-
metals decreases with the increase in nanoribbon width [143–149].

The partial flat-band mediated edge magnetism in ZGNRs is also robust towards
any changes in the size and geometry of the systems [150, 151]. Furthermore, the
edge states in zigzag nanoribbons host an unconventional topological Zak phase
[152, 153] due to the non-zero Berry connection despite of the absence of Berry
curvature [154, 155]. Such topological edge states are robust towards the chemical
substitutions as well [156]. Hence, these intriguing electronic and magnetic proper-
ties of ZGNRs can be further tailored to design novel spintronic functionality in
nanoscale systems.

The theoretical observation of the zigzag edge-state induced magnetism has been
confirmed from scanning tunneling spectroscopy experiments on chiral graphene
nanoribbons at low temperatures [157, 158]. In figures 16.4(a) and (b), we present the
atomically resolved topography and the corresponding atomic structure of the
system under investigation, respectively [158]. The differential conductance
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measurements have been performed at various places along the perpendicular and
parallel direction of the zigzag edge, as shown by the dots in figure 16.4(a). As can be
seen from figure 16.4(c), the differential conductance at and near the zigzag edge
show a two-peak structure in either side of the charge neutrality point that is
corresponding to the Fermi energy. This resembles the DOS peak splitting in the
mean-field results in figure 16.3(e). The differential conductance measurements
along the parallel direction to the zigzag edge always show such two-peak structure
(see figure 16.4(d)), indicating the close agreement of mean-field results with the
experiments. This establishes the importance of electronic correlations in graphene
nanoribbon systems and the consequent spin structure.

16.4.2 Graphene nanoflakes

Graphene nanoflakes are finite-sized zero-dimensional sp2-hybridized carbon nano-
structures of varying shapes and sizes. Their size may vary from ~1 nm to ~50 nm.
These polycyclic aromatic hydrocarbons can be synthesized using on-surface
bottom-up approaches by stitching six-membered hexagonal benzene rings in
different shapes [159–161]. Due to large edge to bulk ratio in such nanostructures
or supermolecules, the edge effects become dominant, giving rise to interesting
electronic properties. In general, the unsatisfied carbon valency and resulting
dangling bonds make the edges highly reactive towards functionalizations and
reconstructions. To avoid such a scenario, in theoretical calculations the edge atoms
are assumed to be passivated by hydrogen atoms, just like the nanoribbon edges. A
wide range of graphene nanoflakes have been proposed theoretically with exper-
imental realization of quite a few. These graphene nanofragments can appear in
varying shapes, e.g., coronene [162], triangulene [163], the ‘Star of David’ [163, 164]
etc. Very recently, there have been experimental syntheses of Sierpinski type
quantum fractals as well [165–169]. These nanoflakes can host large spins emerging

Figure 16.4. (a) Atomically resolved topography and (b) the corresponding structural depiction of a graphene
nanoribbon with almost smooth zigzag edge. Panels (c) and (d) show the differential conductance (dI/dV),
measured at different points perpendicular and parallel to the nanoribbon edge as shown in (a), respectively.
The vertical lines are guides to eye. The inset in (c) shows the enlarged image of differential conductance for a
nanoribbon with shorter width. Reproduced from [158], copyright 2011 with permission from Springer Nature.
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from their topological edge states and can give rise to unprecedented magnetic
ordering in zero-dimensional cluster geometries.

Here we discuss about two distinct classes of such graphene nanoflakes with and
without broken A and B sublattice symmetry. All these nanoflake structures show
localization of zigzag edge states and consequent localized spin moments. In the case
of sublattice inequality, the net magnetization is anyway expected to arise, as
described by Lieb’s theorem [42]. We first start with an example of triangular
graphene nanoflakes, known as triangulenes that can appear in different sizes. In
figure 16.5(a), we present one such system. It has an excess of atoms belonging to
one sublattice (N 12A = and) in its structure. As can be seen from figure 16.5(a), three
edges of a triangulene system belong to the same sublattice, thereby localizing the
same type of spins along all three edges. Theoretically it is predicted to exhibit
ferromagnetic behavior with a spin-triplet (S = 1) ground state along with a pair of
zero-energy states where the spins are oriented parallel to each other, according to
Hund’s rule [25, 41, 68, 163]. Based on the size of triangulene nanoflakes, the
number of edge atoms varies, thereby changing the net magnetization in such
supermolecules.

For the systems with NA = NB, magnetic ordering can happen between different
domains, however, keeping the net magnetization zero in the antiferromagnetic
ground state. To construct such a system, one can fuse two triangulene units in
vertically inverted fashion, as shown in figure 16.5(b). This kind of structure is also
known as Clar’s goblet [170, 171]. Notice that the edges of two such triangulene

Figure 16.5. Graphene nanoflake systems in (a) triangular, (b) bowtie and (c) star shapes. The number of A
and B sublattice points are the same in the case of bowtie and star structures. The circles with two different
shades of colors depict two opposite spins and the relative sizes of those circles are proportional to the relative
values of spin densities. The dashed ellipses in (c) are used to emphasize the topological frustration. (d) The
two-dimensional periodic structure made of oppositely aligned small triangulene units, connected through their
vortices. The unit cell is shown by the shaded rhombus with arrows indicating the lattice vectors. Two
triangulene units in the unit cell localize opposite spins, arising from sublattice imbalance in each of them,
giving rise to a net zero magnetization. Note that the total number of A and B sublattice points in each unit cell
remain the same.
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units are made of two different sublattice points A and B. As a result, they show non-
bonding localized zero-energy edge states of opposite spin polarizations. Therefore,
although each triangulene unit shows ferromagnetic spin polarization with a net
magnetic moment, the antiferromagnetic ordering between two such units makes the
overall ground state antiferromagnetic [172, 173], in accordance with Lieb’s theorem
of bipartite lattice [42]. A magnetic phase transition between antiferromagnetic and
ferromagnetic states can also be induced by carrier doping and by applying an
external electric or magnetic field, making them highly desirable for fundamental
logic gate applications in novel high-density ultrafast spintronic devices [172, 173].

Furthermore, the fusion of six triangulene units with a 60° relative angle between
the adjacent units gives rise to a star-shaped graphene nanoflake, famously known as
‘Star of David’, as shown in figure 16.5(c). Here the numbers of A and B sublattice
points remain equal. However, the topological frustration (depicted by the dashed
ellipses in figure 16.5(c)) at the fusion points between two adjacent ferromagnetic
triangulene units leads to an overall ferromagnetic ground state with large net
magnetization [163]. Nevertheless, the consideration of broken spin symmetry
eliminates such spin frustrations and induces antiferromagnetic correlation between
adjacent intrinsically ferromagnetic triangulene domains, thereby stabilizing the
nanoflake system in an antiferromagnetic ground state [164]. There is another widely
studied graphene nanoflake system called coronene. This has a hexagonal geometry
without any sublattice imbalance and can exist with either zigzag or armchair edges.
However, there exist localized edges states induced spin moments along the zigzag
edges, the opposite sublattice symmetry in adjacent edges results in overall
antiferromagnetic ground state with net zero magnetization. The armchair edge
coronene, in contrast, stabilizes in non-magnetic ground state.

Tailoring magnetism in the graphene nanoflakes through experiments can be
pretty challenging. The sublattice imbalance in some structures makes them highly
reactive due to the presence of unpaired electrons. Moreover, the magnetic stability
is limited by weak exchange coupling between p-electrons, which remains below
room temperature thermal energy. Nevertheless, contemporary sophistication in the
on-surface bottom-up synthesis of graphene open-shell nanostructures has paved
new inroads for the successful synthesis of such structures [174–179]. In particular,
this has resulted in the experimental realization of the highly reactive and
consequently elusive Clar’s goblet structure [180, 181].

Edge-state induced magnetism and other novel attributes of these zero-dimen-
sional graphene nanoflake structures motivate the exploration of lattice systems that
can be obtained by connecting or fusing such supermolecules in a periodic array
[182, 183]. There have been plenty of studies on such covalent organic frameworks
that exhibit many interesting functionalities. In figure 16.5(d), we present a two-
dimensional array of small triangulene units attached in a honeycomb fashion
through their vortices. This can be viewed as a super-graphene system with a
rhombus unit cell containing two oppositely aligned triangulene units. Although, the
numbers of A and B sublattice points are unequal in each triangulene unit, their
overall counts remain the same in a unit cell. Each of these units exhibits non-zero
net magnetization arising from the localized edge states on its more abundant
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sublattice points. However, localization of opposite spin moments in either of these
triangulene units makes the ground state antiferromagnetic. This opens up a direct
bandgap at high-symmetric point K, making the system a Mott insulator [184]. This
has been predicted to exhibit circular dichroism Hall effect [184]. Further studies are
being carried out in such magnetic covalent organic frameworks for their potential
applications in qubits.

16.5 Doping induced magnetism in graphene
The magnetic properties of finite graphene systems like graphene nanoribbons or
graphene nanoflakes can be further tuned in terms of charge carrier doping by
applying a gate bias or by elemental substitution. It can change the location of the
Fermi energy with respect to the overall energy dispersions. In the case of elemental
substitutions, it can modify the hybridization, thereby changing the energy dis-
persion profiles altogether along with the shift in Fermi energy. These have huge
implications in tuning the electronic, transport, optical and magnetic properties of
nanoscale graphene systems.

Replacement of edge carbon atoms in ZGNRs by boron atoms induces spin
polarized metallic bands at Fermi energy with non-zero net magnetization, as can be
seen in figure 16.6(a). Consequently, the ground state becomes ferromagnetic with
parallel alignment of spins between opposite edges, as shown in figure 16.6(b) [145].
The replacements of edge carbon atoms by nitrogen atoms, in contrast, results in

Figure 16.6. (a) Spin polarized band structure and DOS of zigzag edge graphene nanoribbons with edge
carbon atoms substituted by boron atoms. The energy is scaled with respect to the Fermi energy (horizontal
dashed line). (b) The spin density profile of the same system, showing parallel spin alignments along the boron
substituted edges in both sides. Carbon and edge boron atoms are depicted by different color balls. (c) The
many-body spin gap of graphene nanoconstriction with long zigzag edge as a function of inverse of length in
absence and presence of holes (nh). The length, L is considered to be the number of unit cells, as shown in the
inset. The spin gap value is obtained in the units of hopping integral, t within Hubbard Hamiltonian, using
configuration interaction level of calculations. (d) The spin–spin correlation function for a graphene nano-
constriction with L = 31 (middle panel), as calculated between the ‘0’-th atom in one edge with all the other
atoms in the same edge (upper panel) and opposite edge (bottom panel) for various hole doping. Reproduced
[140] under Creative Common Attribution 4.0 International License.
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non-magnetic ground state. Because of the differences of valence electrons, boron
replacements make the ZGNRs hole-doped, whereas the nitrogen atom induces one
extra electron. The observation of ferromagnetism in boron-edge ZGNRs shows
close resemblance with that of ferromagnetism in strongly correlated systems in the
presence of holes [185–190]. Quantum many-body treatment of hole-doped gra-
phene nanoconstrictions agrees well with such ferromagnetism as well. For that, we
consider graphene quantum dots with long zigzag edges and plot their spin gap
variation as a function of the quantum dot length in figure 16.6(c). Spin gap is a
measure of energy required to flip a spin in a strongly correlated system. A vanishing
spin gap indicates the stabilization of ferromagnetic ground state. As can be seen in
figure 16.6(c), in the absence of holes, the graphene quantum dots show non-zero
spin gap, indicating an antiferromagnetic ground state. With introduction of holes
(nh), the spin gap drops to zero, showing the stabilization of ferromagnetic ground
state [140–142].

To investigate the spin ordering in such ferromagnetic ground state, we further
present the spin–spin correlation function along the same edge and between the
opposite edges of a graphene quantum dot with long zigzag edges in figure 16.6(d).
The correlation function is calculated between the central ‘0’-th edge atom (middle
panel) with all other atoms (denoted by j) belonging to the same (top panel) and
opposite (bottom panel) edges. A positive (negative) spin–spin correlation indicates
a ferrimagnetic (antiferromagnetic) alignment of spins along the same (opposite)
edge. As can be seen, the positive correlations decay slowly as compared to the
antiferromagnetic correlations upon increase in hole concentration. This indicates a
ferromagnetic ground state with parallel spin polarization between opposite edges.
Such unique observations make the carrier doping a viable strategy to achieve spin-
dependent magneto-transport [191].

The chemical substitution of a bonded pair of carbon atoms by a bonded boron–
nitrogen pair also significantly modifies the electronic properties of ZGNRs. Our
further studies on lateral heterostructures of ZGNRs with embedded hexagonal
boron–nitride nanoribbons with zigzag edges show antiferromagnetic ground state
with half-metallic behavior [192]. Such interesting behavior originates from the
internal potential gradient arising from the Lewis acid and base characters of boron
and nitrogen atoms, respectively and subsequent charge transfers from/to the
adjacent carbon atoms [192]. Furthermore, the cyclodehydrogenation step during
the on-surface synthesis of ZGNRs by bottom-up methods can result in missing edge
m-xylene units, resulting in ‘bite’ defects in the system. The edge disorder arising
from the ‘bite’ defects was theoretically predicted to give rise to spin-polarized
quantum transport [193]. These provide unique ways of achieving spin polarized
currents that can find a huge number of applications in spintronics.

16.6 Proximity-induced magnetism in graphene
The magnetic proximity effect imparts magnetic ordering in an intrinsic nonmagnet
by coupling it with an adjacent ferromagnet due to the exchange interaction between
the spins in the magnetic and non-magnetic materials. As graphene is the
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prototypical atomically thin material, it presents an ideal platform to study such
interactions [194]. Bringing it near a ferromagnetic insulator can magnetize a single
sheet of graphene while preserving its unique electronic properties. First-principles
theoretical investigations predicted an exchange splitting of the order of tens of meV
for ideal lattice matching [195, 196]. Many graphene-on-magnetic insulator systems
have been synthesized experimentally by considering several ferromagnetic insu-
lators, e.g., EuO (TC = 69 K) [197], EuS (TC = 16.5 K) [198] and yttrium iron garnet
(YIG) thin films (TC = 550 K) [199, 200]. Here, TC is the Curie temperature of the
ferromagnetic insulators. Unlike metals, they do not shunt any current away from
graphene and preserve its exceptional charge transport properties. The high TC,
relative chemical stability, and ease in transferring graphene onto its surface make
YIG an ideal material for fabricating magnetic graphene-based spintronic devices.

In figure 16.7(a), we show the schematic diagram of the graphene-YIG device.
Smooth YIG thin films were grown epitaxially on gadolinium gallium garnet
(GGG) substrate by pulsed laser deposition, and monolayer graphene was trans-
ferred onto it from SiO2 substrate [199]. In order to tune the charge density of the
system, a thin poly-(methyl methacrylate) (PMMA) top gate was used. The
anomalous Hall effect (AHE) measurements were performed to probe the prox-
imity-induced magnetic states in graphene. For ordinary ferromagnets, the Hall
resistivity can have contributions from the Lorentz force on the charge carriers due
to the external magnetic field (B) and also from the magnetization of the system due
to its intrinsic spin–orbit coupling. The AHE resistance at different temperatures for
this device arrangement saturates at B ≈ 2300 G, that is, the saturation magnet-
ization of YIG. This observation indicates that the induced ferromagnetism in
graphene arises from the spin polarization due to the proximity coupling of the p-
electrons of graphene with the d-electrons of YIG. The interfacial magnetism
enhances the typically low spin–orbit coupling of planar graphene, manifested in
magnetoresistance measurements and ferromagnetic spin pumping [200]. The AHE
resistance decreases with an increase in temperature and stays relatively constant
before reaching ~300 K, which defines the Curie temperature of the proximity-
induced magnetic graphene systems [199]. Furthermore, the sign of the AHE signal

Figure 16.7. (a) Schematic device of single-layer graphene transferred on ferromagnetic and insulating YIG
thin film on a GGG substrate with a top gate. (b) Schematic device of bilayer graphene on transition metal
dichalcogenide (TMD) system, WSe2. A back gate is attached to control the carrier doping. This device
produces spin polarized current, as depicted schematically.
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does not change by changing the carrier type on the application of the top-gate
voltage [199].

However, just the observation of AHE signals cannot conclusively establish
interfacial ferromagnetism in graphene on YIG thin films. Similar results can be
obtained by other effects, such as spin-dependent interfacial scattering or due to
magnetic impurities [201]. The observation of a sizeable interfacial exchange field
(~14 T) in EuS [198] and the quantum Hall effect at much lower external magnetic
fields provides essential information about the interfacial magnetic ordering.
Nevertheless, the exchange interaction and the spin–orbit coupling are needed for
charge transport. Hence, direct evidence of the exchange interaction comes from the
spin–current transport in exfoliated lateral graphene spin valves on YIG substrates
[202, 203], where it is probed using only the spin degrees of freedom.

The valley degrees of freedom and intrinsic spin–orbit coupling with anisotropic
spin polarizations in two-dimensional materials can also be exploited for inducing
spin current in graphene. The two-dimensional TMDs provide a unique platform for
this purpose [204–210]. In figure 16.7(b), we present the schematic of a bilayer
graphene device on top of TMD system, WSe2. The underlying bonded WSe2 layer
can tune the anisotropic spin–orbit coupling of bilayer graphene to induce coherent
spin precession. The polarity of resulting spin current can be controlled by gate bias
in the absence of external magnetic field. This recent study has been a breakthrough
in achieving a room temperature spin transport device [211].

The magnetism in graphene is highly sought after for future memory and
quantum information processing. So far we have shown various ways of inducing
spin-ordering and consequent magnetism in graphene. Because of magnetism due to
itinerant p-electrons, the exchange coupling in graphene systems has been very low,
which limits its applications in room temperature magnetic and spin transport
devices. Although the proximity effect has been predicted to be a viable way of
overcoming such limitations, it brings additional challenges of finding an optimal
ferromagnetic insulator or TMD and subsequent device fabrication. Therefore,
considerable efforts are being invested to explore new two-dimensional materials
with unprecedented magnetic properties. We shall discuss further such emergent
functional two-dimensional magnetic systems in the next section.

16.7 Magnetism in other two-dimensional materials
Graphene is just the tip of the iceberg in the vast spectrum of two-dimensional
materials with novel functionalities, e.g., enhanced spin–orbit coupling, strong
electronic correlation, direct semiconducting gap, all of which are capable of
inducing magnetism [212–219]. Here we discuss such magnetism arising from
electrons from p and d orbitals.

16.7.1 Magnetism in two-dimensional p-electron systems

We have already discussed the edge-state mediated flat-band magnetism in ZGNR
systems, arising from the p-electrons. Here, we further discuss our recent findings on
magnetism in two-dimensional defect-free SiP3 system, obtained by silicon (Si) atom
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replacement in blue phosphorene [220]. The pristine blue phosphorene is a two-
dimensional honeycomb lattice made of phosphorus (P) atoms with a rhombus unit
cell similar to graphene but having a buckled out-of-plane distortion, as can be seen
in figure 16.8(a) [221–223]. The pristine blue phosphorene shows a diverging DOS
below the Fermi energy, arising from the flat top of the valence band in its electronic
dispersion (see figure 16.8(b)) and a non-magnetic ground state [224].

We have already discussed before how the diverging DOS at the Fermi energy
creates instability in ZGNRs, thereby inducing magnetism through electron–
electron interactions [225, 226]. Therefore, a band-engineering strategy to shift the
Fermi energy downwards to align with such diverging DOS has been proposed to
endow magnetic ordering in an otherwise non-magnetic blue phosphorene. A large
Fermi energy shift (~2 eV) would be challenging to achieve by conventional
electrostatic doping. Therefore, the elemental substitution of P with Si atoms has
been proposed [220]. This results in the downshift of the Fermi energy level upon
hole doping, as the Si atom has one less electron than the P atom. Similar doping
strategies were investigated in other two-dimensional materials, e.g., BC3 [109, 110,
156], BC6N [227] and black phosphorene structures [228] that lead to exotic
phenomena. The structure of SiP3 is shown in figure 16.8(c), where two Si dopants
are in the 2 2× supercell of blue phosphorene, resulting in a P hexagon surrounded
by a Si hexagon. The non-interacting band structure of SiP3 shows two almost

Figure 16.8. (a) The top and side views of pristine blue phosphorene lattice with the rhombus unit cell (shaded
region) and the lattice vectors. (b) The band structure and density of states (DOS) of the same in 2 × 2 unitcell.
(c) The top and side views of SiP3 lattice with eight-atom rhombus unit cell (shaded region). (d) The band
structure and DOS of SiP3 system. The bands near the Fermi energy (horizontal dashed lines) show splitting
and consequent opening up of a small gap upon inclusion of electronic correlations. The projected DOS arising
from the 3p orbitals of P and Si are highlighted with different color shades. The Δz in the side views of the
structures is the buckling parameter. (e) The phonon dispersion of SiP3 system. The vertical dashed lines in
electronic and phonon dispersions indicate the location of the high-symmetric points. (f) The spin structure of
SiP3 system with up and down spins shown by arrows of different color shades. The size of the arrows is
proportional to the spin moment values. Reproduced [220] under creative common attribution-noncomercial
3.0 unported, Copyright 2021, Royal Society of Chemistry.
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dispersion-less bands near the Fermi energy, giving rise to a sharp peak in the DOS.
Inclusion of electronic correlation via spin-polarization results in a spin splitting of
the P–Si hybrid bands, as can be seen from the band structure and DOS plots in
figure 16.8(d).

The dynamical stability of the Si-doped blue phosphorene was confirmed by
phonon analysis that shows no imaginary mode and well-separated acoustic and
optical modes in the phonon band structure (see figure 16.8(e)) [220].

The resulting spin texture of SiP3 is shown in figure 16.8(f). The spin moments on
each Si atom and its three neighboring P atoms are ferromagnetically coupled.
However, the P hexagons show a perfect bipartite nature of opposite spin alignments
between nearest neighbors. This creates two triangular tiny ferromagnetic domains
with opposite spin orientations and a unique antiferromagnetic ground state [220].
The observation of magnetic ordering in such defect-free layered materials made up
entirely of p-block elements is unprecedented, paving new ways for their use in
memory storage and qubit applications.

16.7.2 Magnetism in two-dimensional d-electron systems

Among many d-electron systems, the transition metal mono, di and trichalcogenide
systems have been widely studied because of their layered structure and novel
properties that can be tuned by controlling number of layers, carrier concentration
and polarity, valley polarizations and spin–orbit couplings [205, 229–233]. We
discuss here mainly the TMD systems.

TMDs consist of transition metal (Mo, W, Nb, V) atoms sandwiched between
two layers of chalcogen atoms (S, Se, Te), arranged in a trigonal prismatic geometry
[230]. Two-dimensional TMDs, like MoS2 and WSe2 are non-magnetic semi-
conductors with a direct energy bandgap and high carrier mobility at room
temperature, possessing interesting electronic, optoelectronic, and valleytronic
properties [205, 230–233]. Various other single and few-layered TMDs have been
synthesized so far, using the mechanical exfoliation, CVD, or molecular beam
epitaxy methods [234]. Except for the chemically active edge or defect sites, pristine
layered TMDs are usually passive due to the absence of any dangling bonds [235],
making them diamagnetic like graphene. However, previous theoretical and
experimental results have shown how layer-selective oxidation of the chalcogen
edge atoms gives rise to novel tunable electronic properties in two-dimensional WSe2
[207–210, 236]. Therefore, room temperature ferromagnetism can be imparted in
MoS2 by creating defects in its honeycomb lattice structure or through its edge
states. First-principles investigations have shown the appearance of magnetic states
due to a combination of different non-magnetic and transition metal adatoms with
different vacancy states, depending upon the position of Mo and S in the system
[237]. MoS2 nanosheets exhibit room temperature ferromagnetism due to unsatu-
rated Mo and S atoms in their edges [238]. Therefore, controlling the edge structure
of MoS2 by creating a ribbon-like geometry can induce magnetism, like zigzag-edge
graphene nanoribbons. Depending upon the terminating edge atoms, two zigzag
ribbons could be possible. The S-terminated zigzag ribbons have been reported to be
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more stable than their Mo-terminated counterparts, irrespective of hydrogen
passivation [239, 240]. Theoretical calculations show that both edges of MoS2
nanoribbons are ferromagnetically coupled [239], making them viable for spintronic
device applications. However, it is difficult to synthesize the one-dimensional spin-
polarized edge states in experiments due to enhanced thermal fluctuations.
Nevertheless, edge-reconstructed patterns of zigzag-edge MoS2 have been reported,
where the edge Mo atoms are self-passivated by the S atoms [241], leading to a more
stable ferromagnetic state.

16.7.3 Two-dimensional van der Waals magnets

The low-dimensional transition metal systems, especially layered van der Waals
materials, e.g., transition metal trihalides and trichalcogenides have been in the
forefront of research in recent times due to their unprecedented magnetic behavior
[242–245]. The enhanced spin–orbit coupling and consequent uniaxial magnetic
anisotropy in these systems have resulted in the recent discovery of long-range
magnetic ordering in pristine two-dimensional materials. Therefore, in this last
section, we present the recent developments in this emergent and exciting research
field.

The fundamental question of the existence of long-range magnetic order at finite
temperature in low dimensions has been tempting intense research in condensed
matter physics and materials science over last few decades. The seminal theories on
long-range order in superfluids, superconductors, and various magnetic model
systems were first worked out by Onsager [246], Hohenberg [247], and Mermin–
Wagner [248]. Experimentally, quasi-two-dimensional in-plane magnetism enabled
by anisotropy was first observed in certain bulk systems [249] and monolayer thick
magnetic films [250]. However, the major impediment in discovering low-dimen-
sional magnetic materials has been the Mermin–Wagner theorem [248] that clearly
states the suppression of magnetic ordering in a one- or two-dimensional Heisenberg
model at finite temperature. The isotropic nature implies the rotational invariance of
exchange coupling, which preserves the continuous SU(2) symmetry. Any long-
range magnetic ordering breaks the continuous rotational symmetry and results in
infinitely degenerate ground states with gapless spin-wave excitations, i.e.,
Goldstone modes. At finite temperature, the thermally activated magnon excitations
therefore destroy any long-range magnetic ordering. However, an arbitrarily small
anisotropy breaks the continuous rotational symmetry and consequently opens up a
spin-wave excitation gap. This eliminates the possibility of logarithmic divergence of
the thermal fluctuations, thereby stabilizing the long-range magnetic order in two-
dimension [251, 252]. The anisotropy can arise due to magnetic dipole–dipole
interaction or by the shape anisotropy created by demagnetizing fields at the surface.
For such anisotropies in the system, the magnetic scale is tiny as compared to the
exchange interaction, resulting in a very small Curie temperature (in mK). However,
the newly discovered van der Waals magnetic materials possess uniaxial magnetic
anisotropy due to their enhanced intrinsic spin–orbit coupling, thus allowing
preferential orientation of spins in a particular direction. Therefore, this opens up
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a spin-wave excitation gap that resists the thermal agitation, resulting in a
considerably high Curie temperature (TC). In particular, we discuss here the
properties of two-dimensional van der Waals ferromagnetic semiconductors CrI3
and CrGeTe3 and itinerant ferromagnet Fe3GeTe2, whose magnetic ordering has
been investigated experimentally using magneto-optic Kerr microscopy [253–255].

In CrI3 structure, each chromium (Cr) atom is surrounded by six iodine (I) ligands
arranged in an octahedral fashion. Such edge-sharing octahedra create the extended
two-dimensional lattice where the Cr atoms form honeycomb pattern, as can be seen
in figure 16.9(a). A strong uniaxial magnetic anisotropy in CrI3 arises from the
enhanced spin–orbit interactions of the iodine ligands that mediate the superexchange
between neighboring Cr ions [256]. Therefore, CrI3 is considered as an Ising
ferromagnet with out-of-plane spin orientation and a spin moment of 3/2 μB per Cr
atom [253]. It exhibits spin-polarized indirect bandgap semiconducting property (see
figure 16.9(d)) [257]. The Curie temperatures of monolayer and bulk CrI3 have been
reported to be 45 K and 61 K, respectively. Such low difference in their Curie
temperatures indicates a weak interlayer coupling [253]. In the case of bulk CrI3, the
interlayer ferromagnetic coupling in the bulk changes to an antiferromagnetic one for
surface layers [258]. Such interlayer antiferromagnetic coupling is predominantly
visible in the case of bilayer CrI3, where a metamagnetic phase transition can be
induced on application of external magnetic field of ~0.6 T, with the ferromagnetic
saturation happening within a short span of 100 mT [253, 259]. The layer-dependent
magnetism in CrI3 can also be tuned by changing the orbital occupancy through an
applied electric field or electrostatic gating that modifies the exchange interaction
parameters and magneto-anisotropy of the system [259–261].

Intrinsic long-range ferromagnetism has also been reported in the transition metal
trichalcogenide, CrGeTe3 (CGT) [254]. The two-dimensional periodic CGT struc-
ture is formed by edge-sharing trigonal bipyramidal cages of telurium (Te) atoms,
which host the Cr atoms in their centers, thereby forming a honeycomb Cr

Figure 16.9. The top view of (a) CrI3, (b) CrGeTe3 and (c) Fe3GeTe2 lattices. The corresponding spin-
polarized band structures are shown in (d), (e) and (f), respectively. The horizontal (vertical) dashed lines depict
the location of the Fermi energy (high-symmetric points).
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arrangement much like the CrI3 system, as can be seen in figure 16.9(b). However,
unlike CrI3, The Te atoms are attached to a group-IV element germanium (Ge) that
modifies the superexchange path significantly. So far, the CGT has been exper-
imentally synthesized up to bilayer. The spin–orbit coupling of Cr ions, together
with a slight distortion of Te octahedra into trigonal bipyramidal geometry, lead to a
small out-of-plane magnetocrystalline anisotropy in this system. The ferromagnetic
saturation has been observed at ~0.6 T, with a non-vanishing remanence near zero
magnetic field. Because of that, CGT has been classified as a soft Heisenberg
ferromagnet [254]. This also shows spin-polarized indirect bandgap semiconducting
behavior (see figure 16.9(e)) [262]. Interestingly, a strong interlayer coupling in these
materials leads to a significant layer dependence of the Curie temperature. The Curie
temperature for bulk and bilayer CGT has been reported to be 68 K and 30 K,
respectively. Therefore, the application of an external magnetic field can tune the
ferromagnetic order by enhancing the uniaxial magnetic anisotropy and conse-
quently leading to an increase in the Curie temperature of the system [254].

Furthermore, the application of biaxial compressive strain has also been
proposed as an essential parameter to tune the magnetic properties of this class of
TMDs [263]. The superexchange between two adjacent Cr atoms mediated through
the bridging Te atoms gets modified due to presence of side group elements from
group-IV and therefore the superexchange phenomenon obeys modified
Goodenough–Kanamori–Anderson rule [264–268]. The CrCTe3 (CCT) and
CrSiTe3 (CST) magnetic layers are the outset crystals of CGTs where the super-
exchange between the Cr atoms depends significantly on the atomic radius of the
group-IV element and consequent changes in bond-angles. The presence of carbon
(C) atoms in CCT makes the ground state antiferromagnetic that can sustain up to
±16% biaxial strain [269]. In the case of CST, the presence of Si atoms results in a
ferromagnetic ground state and an antiferromagnetic phase transition can be
induced by application of only 0.5% biaxial compressive strain [270, 271]. The
lattice mismatch in CCT–CST vertically stacked hetero-bilayers and additional
biaxial compressive strain can lead to various intra and interlayer magnetic ordering
[263]. These soft two-dimensional van der Waals magnets have great potential in
electronic and spintronic device applications where magnetic anisotropic exchange
can be tuned with external perturbations.

The discovery of itinerant ferromagnet Fe3GeTe2 (FGT) has been a major break-
through [265]. Its structure is shown in figure 16.9(c). In the monolayer FGT, three of
the quintuple sublayers are occupied by iron (Fe) atoms in varied crystallographic
environments. Such crystallographic anisotropy along with high spin–orbit coupling of
Fe atoms result in a sizeable uniaxial anisotropy that stabilizes the long-range
magnetic ordering in two dimensions [272]. The Curie temperature of FGT has
been found to be higher than the ferromagnetic semiconductors CrI3 and CGT and
can be easily tuned by changing the Fe concentration [265]. This system shows metallic
behavior with spin-polarized band structures, as can be seen from figure 16.9(f) [272].
This class of metallic ferromagnets constitutes a promising platform of two-dimen-
sional materials, where the interplay of the itinerant electrons and magnetic ordering
can lead to various emergent phenomena. Moreover, the room temperature
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ferromagnetism observed in bilayer FGTs can be tailored by electrostatic gating,
thereby opening new avenues for voltage-controlled magnetoelectronics and applica-
tions in magnetic tunnel junction heterostructures while combined with other layered
materials [273].

A plethora of two-dimensional magnetic van der Waals materials with novel
properties have been realized in recent times [274–281]. However, industrial scale
device applications demand stability of magnetic states at higher temperature. This
is currently being undertaken by strengthening the exchange interaction and uniaxial
magnetic anisotropy of these systems employing external fields, strain, and interface
engineering by coupling other layered materials to create novel heterostructures,
opening up huge possibilities in atomically precise spintronic, magnonic, valley-
tronic and spin-orbitronics device applications [255, 282].

16.8 Summary and outlook
To summarize, we have systematically classified and illustrated the various ways to
imprint magnetism in graphene and its nanostructures. We have discussed the
theoretical formalisms and understanding behind such phenomena with relevant
experimental observations. We have discussed the various interaction regimes and
their crucial role in determining the magnetic properties in this class of systems. The
magnetism in graphene bipartite lattice can arise from sublattice inequality, lack of
sublattice clarity, zigzag edge states in nanoribbon or nanoflake structures, charge
carrier doping, elemental substitutions, external perturbations like proximity effects
etc. Furthermore, we have discussed the recent developments of two-dimensional
magnetic materials beyond graphene, e.g., Si-doped blue phosphorene, TMDs and
van der Waals crystals.

Apart from monolayer graphene, the band structure engineering also endows
electrically biased bilayer graphene with itinerant ferromagnetism [283]. The
unusual flat-band topology and emergent magnetism due to enhanced Coulomb
correlation in twisted bilayer graphene [284–287] have shown a tremendous surge in
fundamental research. Moreover, topological frustration in nanographene can break
the bipartite symmetry, thereby stabilizing magnetic domains [288, 289]. In addition
to these, the formation of lateral and vertical heterostructures of different atomically
thin materials has been proposed to achieve various emergent phenomena and to
tailor their efficiency for a wide spectrum of applications. A profound understanding
of the magnetic properties in these low-dimensional nano-architectures will be
critical for their use in next-generation high-density ultra-low power electronic and
spintronic devices, sustainable energy and quantum information applications. This
can potentially revolutionize the quantum technologies.
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Chapter 17

Graphene metamaterials

Gaurav Pal Singh and Neha Sardana

Metamaterials (MMs) are materials with negative permittivity and/or permeability;
the combination of both being negative is not found in natural materials. MMs have
periodic or non-periodic subwavelength structures that alter the material’s response
to the incoming electromagnetic (EM) waves. The active frequency region of the
MMs depends upon the size of the structures. The fabrication of optical and infrared
(IR) MMs is complex and requires advanced fabrication techniques such as electron
beam lithography and nanoimprinting. The terahertz (THz) and microwave
metasurfaces can be constructed by traditional techniques. However, 3D MMs
again require sophisticated instrumentation. Hence, MMs with tunable response
achieved by varying the dimension of the structures is not practical. Graphene has
an excellent response across the EM spectrum, and it can be tuned by simple
methods such as applying gate voltage and optical illumination. Therefore, the
incorporation of graphene into MMs can improve performance and help develop
tunable devices. The applications of graphene MMs are generally in the IR, THz,
and microwave regions, where conventional materials do not perform well. In the
current chapter, the applications of graphene-based MMs are broadly divided into
imaging (absorber, lenses, and modulators), communication (antennas, transpar-
ency, and encryption), and sensing.

17.1 Introduction
Nature has provided humanity with a plethora of materials for a variety of
applications. Over the years, the scientific community has turned towards nature
for inspiration to develop new and improved materials. One of the inspirations
behind the development of MMs is the wings of a butterfly, which has periodic
structures whose dimensions range from tens to hundreds of nanometers that create
a photonic bandgap which is dependent upon the spacing and size of the structures,
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therefore, creating the vibrant and unique patterns in the visible frequency range [1].
Also, the scales on the wings of a moth act as an acoustic MM that reduces
ultrasonic echoes [2]. MMs have properties absent in Nature, a combination of
negative permeability (μ) and permittivity (ε), when other materials (metals, 2D
materials, etc) have been used to fabricate these subwavelength structures instead of
what is naturally selected. The size of the structures decides the working frequency
range of these new materials.

MMs are materials with properties that are not available in natural materials.
Most materials have complex ε and μ, most conventional materials have both ε and
μ positive (figure 17.1(a)), the real part of ε and μ decides the response of the material
to EM waves, and the imaginary part dictates the losses taking place in the material.
However, metals at high frequencies (ultraviolet (UV) and visible) range possess
negative ε. Negative μ is not commonly found in natural materials, particularly
beyond the microwave region [3]. Artificial magnetic materials (AMMs) are
engineered to attain negative μ using subwavelength resonators in a dielectric
medium. The response of the incoming EM wave is altered due to the induced
electric current in the resonators. Furthermore, negative ε was initially obtained
using an array of thin metal wires in a dielectric [4]. Combining the negative μ and ε
was first realized by Veselago theoretically in 1968 [5]. The material obtained was
later termedMM, double negative medium, and left-hand material. Therefore, using
natural materials arranged in subwavelength structures in a dielectric medium can
lead to properties unavailable in nature. The interaction of the EM waves with the
periodic or non-periodic structures alters the response of its inherent material.
Generally, researchers use periodic structures to impart the desired response;
however, non-periodic structures are also being explored for future applications [6].
The generally used structures for MM applications include split ring resonators
(SRRs), which act as magnetic resonators; and cut wires which act as electric
resonators. But various other complex structures are used to achieve the desired
response from the MM. Due to the complex structures present in the MMs, their
fabrication is a complicated process. Although advanced fabrication techniques such
as electron beam lithography and nanoimprinting have made the study of MMs
accessible, their commercial applications are still limited.

Graphene is a revolutionary material due to its unique properties which include,
excellent mechanical strength along with very high thermal and electrical conduc-
tivity. Further, the bandgap of single-layer graphene is zero, which is the primary
source of its unique optical, electrical, and thermal properties. Graphene, owing to
its unique band structure, has applications almost all over the EM spectrum.
Furthermore, the bandgap of graphene can be tuned to achieve the desired
resonance peak. The main methods of changing the bandgap of graphene are
chemical doping and applying an electrical bias. The EM response of graphene can
also be altered by optical pumping [7]. The tunability is an enticing property for
researchers to develop active MMs. Tuning the response of conventional MMs is a
complex and tedious process that involves optimizing the size and shape of the unit
cell of the periodic array. However, active materials such as phase change,
ferromagnetic and ferroelectric materials are increasingly being used to develop
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tunable MMs [8]. A graphene-based approach to achieve a tunable response is easier
to accomplish than the aforementioned techniques. Applying an electrical bias to
graphene changes its chemical potential (Fermi energy), altering its conductivity;
hence, the EM response of graphene is changed. Graphene-based MMs use either
patterned graphene film and/or continuous graphene layer along with conventional
MM structures for applications ranging from near-infrared (near-IR) to microwave
frequency range. The terahertz (THz) frequency region has promising applications
in communications [9], imaging [10], security [11], and sensing [12]. Conventional
materials have limited usability in the THz range due to their low response [13].
However, graphene-based MMs have broadband tunability and are widely used for
IR, THz, and microwave frequency range applications. The size of the structures
and the spacing of the unit cells for these applications can range from nanometers
(IR range) to micron range (microwave range).

Figure 17.1. (a) The response to the various combinations of permittivity and permeability and the methods to
achieve them. The basic geometry of (b) split ring resonator and (c) electrically coupled resonator.
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The chapter will initially focus on the fabrication, design, and characterization of
MMs. Followed by the basic properties and tunability of graphene, and finally, the
applications of graphene-based MMs will be discussed in detail.

17.2 Metamaterials
17.2.1 Fabrication

The fabrication of MMs is a complex task, particularly 3D MMs are fabricated by
either slow and complicated methods or by advanced fabrication techniques, which
are still in the development stage. Hence, researchers have also focused on 2D MMs
called metasurfaces (MSs) or frequency selective surfaces. There is no clearly defined
thickness at which an MM can be referred to as MS; however, it is generally
reported that the thickness of MS is less than one-tenth of the working wavelength.
Graphene MMs have applications ranging from the near-IR to the microwave
region. The dimensions of the structures of the MMs depend upon the working
frequency range. Hence, the fabrication techniques of MMs are dependent on the
frequency range of the application.

17.2.1.1 Optical and infrared metamaterials
The fabrication of optical and IRMMs is much harder to accomplish because of the
requirement of significantly small structures (of the order of a few nanometers) due
to the much higher working frequency range. Furthermore, the conventional optical
materials have almost negligible magnetizability in the optical frequencies; there-
fore, their permeability is close to 1. However, to obtain a double negative material,
control over the permeability is essential. The subwavelength structures help induce
currents in the MM, which lead to the excitation of magnetic moments. This
magnetic response can lead to the achievement of negative permeability. Fabricating
a double negative MS in the optical frequency range is more complex. Since the
combination of SRR and cut wire structures is not feasible for the nanometer range
fabrication, the structure used in the MS is generally a fishnet type [14]. The induced
currents in the structure create a negative permeability above the magnetic
resonance frequency. To construct a bulk double negative material, the fabrication
of 3D MMs is necessary. One example is the use of discrete nanoring type structures
that achieved negative permittivity and permeability from 1.3 to 2.3 μm and was
polarization independent [15]. The structure broke its symmetry in the 3D arrange-
ment by creating an offset in between the unit cells. The 3D MM was fabricated by
multistep electron beam lithography. The methods of fabrication of MMs for optical
frequencies can include both top-down and bottom-up approaches.

17.2.1.1.1 Top-down methods
Optical lithography is a popular fabrication technique in the semiconductor
industry; however, the masks required for the setup are generally fabricated using
electron beam lithography. Although optical lithography is suitable for mass
production, the development of MMs and especially 3D MMs is still in the
development stage. Therefore, electron beam lithography is generally used to
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fabricate MSs and can be modified for 3DMMs. The resolution is lower than tens of
nanometer, which is much lower than optical lithography. The basic steps are [16],
deposition of a conductive substrate on which a resist (e.g., PMMA) is applied and
exposed to an electron beam. The electron beam instrumentation is similar to an
electron beam used for a scanning electron microscope (SEM). The pattern is
scanned over the substrate and the exposed resist layer is etched away using
appropriate chemicals. Next, the cavity created by the process is filled in by the
selected metal. The remaining area is again chemically etched away. The afore-
mentioned method is generally used to fabricate MSs; however, a 3D MM can be
created by stacking the MS layers via deposition methods similar to evaporation.
However, the technique is only feasible for a small number of layers and is prone to
alignment complications [17]. The methods used for improving the electron beam
lithography process include proximity correction and lift off. Proximity correction is
accomplished by decreasing the incident beam dose locally to suppress the uneven
spread of secondary electrons. In the lift off process, the metal film is deposited on a
reversed pattern and the pattern is etched away by a solvent which takes away the
excess metal film and the resist. Therefore, one step is decreased from the fabrication
process. The lift off process can also be modified to develop 3D MMs by using
multiple layers [18].

Nanoimprint lithography is a process that uses a master stamp which can be a
template or mold, that is pressed onto the resist layer. The pattern present on the
master stamp is embossed on the resist, on which a metal layer is deposited, and the
remaining resist is etched away to obtain the final structures. The master stamp can
be reused multiple times; however, the precision of the patterning degrades after a
certain number of uses.

Focused ion beam nanostructuring is a fabrication technique that is much quicker
than electron beam lithography [19]. Hence, this technique has the potential to be
used for mass production. In a typical setup, gallium ions are accelerated and are
incident on a metal deposited on a substrate, and the desired area is ablated away,
thus, creating the desired pattern. However, the structures obtained from this
technique are not as precise as electron beam lithography.

Interference lithography is a technique that is inexpensive and faster as compared
to the aforementioned techniques, and can produce much larger MMs. The resist
layer is exposed to two or more interfering laser beams that can create patterns of
dimensions much smaller than the features present on the mask used [20]. The
patterned resist is deposited with the selected metal, and the remaining resist is
etched away.

17.2.1.1.2 Bottom-up methods
Bottom-up techniques have the potential to fabricate complex structures of large
sizes in a short amount of time. The bottom-up approaches for nanofabrication are
still in their nascent stage and will require further optimization before being ready
for mass production. One of the bottom-up techniques is self-assembly, which is
much more economical as compared to most of the top-down techniques. However,
the use of the self-assembly techniques is still sparse due to the limited number of
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materials that can be selected, long-range disorder, and the inability to incorporate
complex designs. The organization in self-assembly is achieved by interaction
methods including capillary force, hydrogen bonding, and Van der Waals force.
The fishnet structure required for MMs in the optical frequency range was realized
by Gong et al [21] by using a self-assembled monolayer of polystyrene spheres which
acted as the patterned mask. The mask was used to deposit multiple layers of silver
electrochemically to create a 3D MM. The aforementioned technique of using
polymer sphere monolayer as a mask to deposit the required material is called
colloidal lithography. The self-assembly technique can also be used without
lithography to develop 3D MMs. Block copolymers consisting of several covalently
bonded copolymer chains can be constructed in spherical, gyroidal, and cylindrical
shapes by chemical means [22]. The block copolymers are self-assembled to create a
pattern that is then etched, and the required material is deposited to fabricate a 3D
MM [23]. The technique is quick and economical, and can fabricate unit cells
smaller than 50 nm. An advanced self-assembly technique called DNA-templating
can also be used for fabricating optical MMs of large sizes economically [24]. Wen
et al [25] used thiolated single strand DNA to organize gold nanoparticles in a
particular design. The ligand DNA was functionalized on a gold nanoparticle which
fixed onto a template DNA. The template DNA was hybridized with a support
DNA which assembled itself to form the required structure. The assembled unit
mainly formed trimers of nanoparticles (62%), but monomers, dimers and others
were also formed. The trimer is expected to induce a magnetic dipole upon EM
excitation [26]. Hence, can be used as the unit cell of the 3D MM. Other methods to
achieve self-assembly are use of synthetic opals [27], chiral molecules [28], and
magnetic field induced self-assembly [29].

17.2.1.2 THz and microwave metamaterials

17.2.1.2.1 Conventional methods
As explained earlier, the size of the structures present on the MMs is determined by
the frequency range of its use. The fabrication of microwave and THz range MMs is
much easier due to their lower working frequencies. Hence, classical manufacturing
processes such as injection molding can produce simple designs in the millimeter scale
with low melting point materials, but the technique has limited use in fabricating
MMs due to the complexity of mold design and material selection [30]. Another
conventional approach used for the fabrication of THz and microwave range MMs
is powder bed fusion. Metal or polymer powder is deposited on a print bed, which is
sintered using a high power laser [31]. This technique can produce complicated 2D
patterns with high precision, which cannot be easily machined or injection molded.
Printed circuit board manufacturing is also employed to develop MSs in the
microwave frequency range. They usually involve computer controlled milling,
soldering, and etching to create the 2D designs [32]. However, the use of the
technique is limited due to the inability to create 3D structures and a large amount of
wasted material. Laser micromachining is an advanced machining process that uses a
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laser to ablate holes or patterns into a metal to produce MMs [33, 34]. The patterns
or holes can be of various complex shapes. The process is quick and precise;
however, it is limited by the materials used because lasers cannot ablate high melting
point materials. Further, MMs with 3D unit cells cannot be constructed using the
aforementioned process. Also, 3D MMs with feature sizes greater than tens of
millimeters can be manufactured using casting methods [35].

17.2.1.2.2 3D printing
3D printing is a fabrication technique in which the intended structure is developed
layer by layer. Steps involved in 3D printing include creating the design to be printed
on a computer, then a software slices the design into multiple layers, which are then
deposited one by one. 3D printing is widely used for industrial applications [36],
where the size of the components can range from micrometers to millimeters. There
are more than 20 different 3D printing techniques that are recognized [43]. Complex
designs with high precision and minimal waste can be attained by this technique [37].
Kronberger et al [38] developed an MS using a 3D printer that had a resolution of
0.1 mm. The MS worked in the microwave frequency range (below 100 GHz), and a
simple array of circular holes of a few millimeters were 3D printed. The material
used was a commercial brass and bronze-like powder for 3D printing applications,
the exact composition of which was not reported. Specialized 3D printing methods
can produce THz MMs of large areas quickly and economically. Tenggara et al [39]
used electrohydrodynamic jet printing to fabricate a THz MM with feature sizes
below 5 μm. SRR structures were constructed using commercial ink containing
silver nanoparticles on silicon and flexible polyimide substrates. Structures in the
millimeter range can also be fabricated by fused deposition modeling. Thermoplastics
with metallic or ceramic powders can be mixed to create superior dielectric
properties. The thermoplastics can be melted away by sintering to create high
quality and high dielectric patterns [40]. Advances in the technique have enabled the
resolution within a few tens of micrometers. Inkjet printing is a versatile 3D printing
technique that uses multiple micron sized nozzles to deposit ink drops on a substrate.
Metal nanoparticles along with a solvent can be used as the ink. After deposition, a
heat treatment process is applied, evaporating the solvent and sintering the metal
powder. Furthermore, when dielectric ink is used, it is generally cured using UV
light because dielectrics are not able to tolerate the sintering temperature of metals
[41]. Yoo et al [42] printed silver nanoparticles to create an MS on a paper substrate
working in the microwave range. The silver structures had conductivity comparable
to bulk iron. Walther et al [43] compared an MM fabricated by inkjet printing and
lithography. The response achieved was similar; however, the inkjet printed MM
had broader peaks which were deemed to be due to inhomogeneities in the
structures.

The drawbacks of 3D printing are the requirement of support structures [44],
anisotropy of material properties [45], and residual stresses [46]. Further, designs of
very high complexity cannot be created, irregular cooling creates heterogeneous
material properties and thermal stresses, and limited metals can be 3D printed.
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17.2.1.2.3 Advanced methods
Direct laser writing is an advanced fabrication technique that can be used for
constructing unit cells in 3D space to create a 3DMM. A connected helix structure is
commonly used for the development of chiral structures. The helix arrangement can
create magnetic dipoles due to the current induced in the helix. These types of
structures are used for the fabrication of invisibility cloaks which are independent of
polarization [47, 48]. Gansel et al [49] used a femtosecond laser that focused on the
resist to modify the patterned region, which was carved out by chemical methods.
Further, the selected metal was deposited in the carved out areas. The fabrication
method in which the laser induces two photons of the same or different frequency on
a material simultaneously is called two-photon fabrication. The laser is focused on a
very small spot in the material in which chemical and/or physical change is induced.
This technique was used for the fabrication of IR and THz range MMs [50, 51].
Ishikawa et al [52] focused a mode locked titanium sapphire laser on a silver ion
solution via an objective lens. The solver ion complex was reduced to silver
nanoparticles, which aggregated to form the required pyramidal structure. The
crystal growth was suppressed by using a surfactant molecule n-decanoylsarcosine
sodium (NDSS) [53]. The resolution achieved was less than 120 nm with reasonably
high conductivity of silver. However, the two-photon fabrication is limited by the
material selection and can be generally used for connected structures only. Also, the
resolution limit of the technique is about 50 nm.

Optical lithography was used to create a chiral MM by Zhang et al [54] to act as a
double negative material for circularly polarized light in the THz frequency range.
The chiral effect was induced by the optical illumination of a 3D structure. The
structure was a combination metal and silicon. Under illumination with energy more
than the bandgap of silicon, the region containing silicon becomes conducting,
which creates the necessary condition to achieve negative refractive index. The
aforementioned structure had some regions where the resolution required was in a
few hundreds of nanometers. Both connected and disconnected 3D MMs can be
constructed by optical lithography.

17.2.2 Design

17.2.2.1 Negative permeability
An array of SRRs was one of the first structures which was used to create an AMM
that had a negative μ [3]. The unit cell structure of an SRR (figure 17.1(b)) consists of
an open ring generally fabricated out of a non-magnetic metal on a dielectric
substrate. The size and periodicity are usually very small as compared to the active
wavelength range. The effective μ of an SRR is [55]:

μ ω ω
ω ω γω
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where ω is the frequency, ω0 represents resonant frequency, F takes into account the
geometry of the structure, and γ is the damping factor. The negative real part of μ
can be attained when the ratio of ω0/γ is high enough. The SRR system can be
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envisioned as an inductor (L) and capacitor (C) circuit. ω0 can be approximated as
LC1/ , in which the gaps can be thought of as capacitive sources, and the split ring

structures are depicted as inductance sources. The incident EM wave induces a
current in the split ring, leading to the enhancement or decay of the field, depending
upon the applied frequency. The SRRs can be of various shapes including, edge
coupled, spiral, Hilbert, etc, to tune the resonant frequency and the operating range
of the AMM [56]. The drawback of the SRR structure is that for MSs, the incident
magnetic field of EM wave should be perpendicular to the surface to attain optimal
magnetic coupling.

17.2.2.2 Negative permittivity
The study of artificial plasma (having negative ε) has been prevalent for a long time
[57, 58], and one of the first artificial electric materials was presented by Pendry et al
[4] in 1996, which used an array of metallic wires in a dielectric medium. To achieve
a negative ε for MSs, similar to the structures for achieving negative μ, an electrically
coupled resonator is used. The generally used structure of an electrically coupled
resonator unit cell is shown in figure 17.1(c). As opposed to the SRR structure, the
electrically coupled resonators display the optimal performance when the incident
EM wave is incident normal to the surface, although the electric field has to be
orthogonally polarized to the gap in the case of figure 17.1(c). Hence, the magnetic
moment is nullified due to the structure, and the structure couples only with the
electric field. The effective ε of the structure is [59, 60]:
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where ε∞ represents the ε of the dielectric substrate on which the structures are
fabricated, and F takes into account the geometry of the structure. Similar to the
SRRs, ω0 and γ are the resonant frequency and the resistive damping factor,
respectively. When the ω0/γ ratio is high enough, the real part of ε will be negative
near the resonant frequency.

17.2.2.3 Metasurfaces
The MSs contain subwavelength periodic or non-periodic structures fabricated on a
substrate that have thickness much lower than the targeted wavelength. However,
the thickness is kept more than the skin depth of the material. Although the response
of the MSs is complex due to the modification in both phase and amplitude of the
incident wave, the equivalent circuit modeling approach can simplify the designing
process. As previously explained, the LC circuits can be used to represent the unit
cell of a structured periodic array. The structures which are generally metallic can be
depicted to create inductive and resistive sources, while the gaps can be envisioned as
capacitive sources. The MSs used for some common applications including high
pass, low pass, band pass, and band stop filters are shown in figure 17.2. The unit cell
of the array is represented as a circuit, which has a particular response. Altering the
size and periodicity of the unit cell causes the alteration of the resonant frequency
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and the width of the peak/valley. Furthermore, creating more complex shapes can
result in multimode resonance, which is desirable for specific applications. The
characteristics required for a good MS are a broadband tunable range, high
performance at various incidence angles, and polarization independent
performance.

17.2.3 Characterization

The characterization of MMs is important to establish their performance and
working range. Further, it also helps to improve the understanding of the physics of
the interaction of the targeted EM waves with the MM structure. The induced fields
due to the inductive and capacitive nature of the MM structure lead to modification
of the reflected and/or transmitted wave. The characterization of optical frequency
MMs is different from the THz and microwave frequencies because of the much
higher working frequency range.

17.2.3.1 Optical and infrared
The measurements of the properties of optical and IR MMs is generally performed
by techniques like angle-resolved spectroscopy measurements [61], ellipsometry [62],

Figure 17.2. (a) High pass, low pass, band pass, and band pass MS filters along with the (b) equivalent circuits
and (c) frequency response.
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and femtosecond laser interferometry [63]. The main elements of a spectroscopic
measurement include, a light source, polarizers, lenses, the MM sample, and
detector. The instrumentation can vary depending upon the operating frequency
range, optical or IR. The sample can be placed on a rotating stage, or the setup
around the sample can be rotated to measure the angular sensitivity of the MM.
Similarly, the incident polarization can be varied to measure the polarization
sensitivity. The polarization and incidence angle response are critical to effectively
gauge the performance of the MM. Ellipsometry measures the optical properties of a
thin material. The basic working of ellipsometry is that an EM wave of known
polarization is incident on the material, the reflected beam passes through a series of
optical elements, which splits the reflected light to measure the variation in polar-
ization. The amplitude ratio and phase difference of the reflected beam are
measured. These measurements are used to calculate the optical constants of
SRRs [64], fishnet MMs [65], and other types of MMs. Similar to the spectroscopic
measurements, the instrumentation of the setup has to change depending upon the
frequency of EM wave.

17.2.3.2 THz and microwave
The characterization of THz and microwave MMs is performed using two methods,
resonant and non-resonant. Although the resonant method is very precise, its
working frequency range is very narrow, and it usually works only for a single
peak. The non-resonant method overcomes the aforementioned drawbacks; how-
ever, a compromise on the accuracy of the measurements has to be made. The
characterization can be performed in reflection or transmission mode, depending
upon the sample and the parameters that need to be measured. The impedance and
the velocity specifications of the wave can help calculate the important material
properties, including permittivity and permeability [66]. The two main techniques
for non-resonant characterization method are waveguide measurement and free
space measurement.

In waveguide measurement, the MM sample is placed in direct contact with
waveguide adaptors in between two ports which are linked to a vector network
analyzer (VNA) [67, 68]. Further, a waveguide transition is also present behind the
sample. Due to the presence of the waveguide, the frequency range of this type of
characterization is limited. The VNA is used to analyze both the transmitted and
reflected waves. Prior to the measurement, the calibration reference plane is
transformed to measure the scattering parameters at the edges of the sample. The
main drawback of the waveguide measurement is that the sample has to be in direct
contact with the waveguide. Therefore, after the measurement, the complex and
often expensive MM sample may not be usable again.

The free space measurement requires no direct contact with the setup, it is more
suitable for high loss materials, and it has a broadband working range compared to
the waveguide measurement. The setup can be modified to work in transmitted and
reflected modes. The transmitted mode requires a transmitting and a receiving
antenna, but the measurement in the reflection mode can be accomplished by only
one antenna for both transmitting and receiving the signal. The MM sample is
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located at the far field region of the antennas in a custom built sample holder. The
measurements are made by aligning reference planes of the antennas at the front and
back of the sample, respectively. To decrease the noise and interference in the
measurements, often absorbing surfaces in the shape of pyramids are used. The free
space measurement setup can be modified to improve the accuracy by placing the
sample on a conducting plate between two waveguide port radiators, surrounded by
absorbing surfaces [69]. The measurements are performed in empty space before
including the sample to eliminate the effect of the surrounding. For more complex
measurements involving different parameters, the number of transmitters and
detectors, as well as the number of measurements have to be increased compared
to the aforementioned examples [70].

The errors involved in the measurement include, systematic errors that are due to
the multiple reflections at the antennas, the diffraction at the edges of the sample,
impedance mismatch in the sample and the free space around it, cross talk, etc. The
systematic errors can be eliminated by performing proper calibration. Moreover, the
diffraction error can be reduced by using two similar plano convex lenses before and
after the sample that focus the wave in the central region. The effect of multiple
reflections can be suppressed by using a time domain grating with a free space
calibration technique called TRL (thru, reflect, line) [71]. Also, errors can be caused
when the reflected wave from the backside of the sample destructively interferes with
the wave traveling in the forward direction. Other errors include drift errors, which
are due to the variation in the atmospheric conditions, the main contributors to
which are temperature and humidity. Also, random errors can be present, which can
be mitigated by taking multiple measurements.

Following the measurements by the characterization setup, the parameters have
to be extracted using algorithms such as the Nicolson–Ross–Weir algorithm [72] and
the transmission line theory.

17.2.3.3 Simulation
The advancements of computation technology have made the theoretical character-
ization of MMs a simpler and economical task. The simulation software requires the
input of the MM geometry into the software, which is then divided into small
regions; this process is called meshing. Further, boundary conditions and material
properties are applied to the system. Then, Maxwell’s equations are solved by
iterative or direct methods. The main simulation methods are finite difference time
domain (FDTD) and finite element method (FEM), which are generally performed
on commercial software COMSOL [73] and CST microwave studio [74]. Several
output parameters can be extracted from the simulations, including the far field
reflection, transmission, and absorption plots. Further, the near field electric and
magnetic field distributions can also be visualized. Simulations can be used to
characterize materials across the EM spectrum. Simulation is an effective tool to
predict the response of the MM prior to fabrication, hence, a huge amount of capital
and time can be saved.
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17.3 Graphene
The previous chapters in the book have already gone through the remarkable and
unique properties of graphene and the various methods to fabricate it. Briefly, in its
purest form, graphene is a hexagonal structured 2D material consisting of carbon
atoms. In the reciprocal space, monolayer graphene’s valence and conduction bands
are conical, and their tips overlap at the K point in the hexagonal lattice. Hence, the
bandgap of monolayer graphene is zero, which is the major reason behind its
extremely high electrical and thermal conductivity and its good response across the
EM spectrum. However, the properties of graphene are also dependent on the
number of layers and defects present, which are dictated by the fabrication method
used. The complexity of fabrication limits the commercial application of graphene.
However, graphene is widely used to improve the response of MMs, which have
applications from the IR to the microwave frequency range. The bandgap of
graphene can be manipulated to tune its response by two main methods, chemical
doping and the application of electrical bias. The application and changing of
electrical bias is much easier than altering the doping of graphene, which requires
complicated fabrication steps. Therefore, most researchers tune the response of
graphene via electrical bias by applying a gate voltage. Furthermore, another
method of altering the response of graphene is by photodoping the graphene layer
and the subsequent substrate by optical illumination. The electrical bias and
photodoping is explored in greater detail in the next part of the section.

Since graphene-based MMs are still in the research and development stage, the
fabrication is optimized for high purity rather than mass production. Hence, in most
of the MMs, graphene is fabricated using chemical vapour deposition (CVD)
because it offers low defects, high yield, and good accessibility in research labs
worldwide. Furthermore, the CVD fabricated graphene can be easily transferred to
a selected substrate with minimal defects. CVD can also be combined with conven-
tional fabrication processes such as lithography.

17.3.1 Tunability via electrical bias

The property which entices researchers to develop graphene MMs or graphene-
based MM is its broadband response and easy to apply high electrical tunability.
Graphene’s chemical potential (Fermi energy) is altered by applying a gate voltage
Vg. The change in Fermi energy affects the conductivity, changing its response to the
incoming EM waves. The intraband and interband transitions contribute to the
conductivity of graphene. The conductivity of graphene is calculated using the Kubo
formula [75]
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where e, kB, and ħ are the electron charge, Boltzmann constant, and reduced
Planck’s constant, respectively. Further, T, ω, Г and μC are the working temper-
ature, angular frequency, scattering rate, and chemical potential (Fermi energy),
respectively. The main contributor to the conductivity in the THz and microwave
frequency range at room temperature is the intraband term. The relation between
the chemical potential and the applied gate voltage is given by the equation [76]:
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where vF, ts, εr, and ε0 are the Fermi velocity (≈106 m s−1), substrate thickness,
permittivity of substrate, and vacuum permittivity, respectively. The above equa-
tions are valid for monolayer graphene because as the number of layers increase, the
interaction between the EM waves plays a part in determining its overall response.
The application of gate voltage to alter the response of graphene is seen multiple
times in the next section, where applications of graphene-based MM are discussed.
The application of gate voltage is generally accomplished using a field effect
transistor (FET)-type fabrication. The voltage is applied between two contacts
which are deposited on the graphene layer. Following the graphene layer, a
semiconducting dielectric layer and a metallic grounding layer are present.

17.3.2 Tunability via photodoping

Photodoping is another route to attain the tunability of graphene that can be used as a
standalone method or can be integrated with electrical biasing. The efficiency of
tunability increases as a combination of electrical bias and photodoping is used [77, 78].
The usual method to achieve tunability via photodoping is optical illumination of the
graphene layer deposited on a semiconducting substrate. The excess carriers generated
in the semiconductors due to the optical energy received are injected into graphene.
Hence, the response of the graphene layer to the incoming EM waves is altered.
The transmission of the graphene is expressed as [79]:
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where Z0 and ns are the vacuum impedance and effective refractive index of the
substrate, respectively. N and σ(ω), are number of layers of graphene and its
conductivity, respectively.

Since tunability through the photodoping method is not highly prevalent in
literature, the work of Li et al [78] is used as an example to explain its execution. A
graphene-based modulator was developed that showed enhanced modulation (83%)
on the simultaneous application of electrical bias and optical excitation. The study
was performed in the THz range (0.4 THz to 2 THz). The p-type graphene
monolayer was fabricated on a copper substrate via CVD. Two layers were
transferred on an n-type silicon substrate of thickness 510 μm. Further, electrical
contacts were deposited on graphene, and the silicon substrate was placed on a
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grounding layer made out of a conducting material so that electrical bias could be
applied. The optical excitation was executed by a continuous wave laser of wave-
length 532 nm with power ranging from 140 mW to 420 mW, which was incident on
the top graphene layer (figure 17.3(a)). Most of the incoming THz waves were
transmitted on the application of positive bias and blocked when negative bias was
applied. Upon illumination, a large number of carriers were generated in the silicon
layer, and only a few carriers were generated in graphene due to its small optical
absorption [80]. Therefore, the excess carriers diffused into the graphene layer that
led to the creation of a depletion layer. However, the bandgap of graphene was still
zero due to the recombination of the excess electrons; but its conductivity increased.
When a positive bias was applied, the depletion layer thickness decreased, causing
current flow and decreasing the electrons diffusing into graphene, therefore,
increasing the transmission of the THz waves. Upon applying a negative bias, the
depletion layer thickened and increased the electrons diffusing into graphene. Thus,
its conductivity increased, causing an attenuation of the THz waves. It was observed
that the modulation effect enhanced significantly when the electrical bias and optical
illumination were applied simultaneously, which is shown in figure 17.3(b).

17.4 Application of graphene-based metamaterials
In the current chapter, the applications of graphene MMs are in the IR, THz, and
microwave frequency range and are broadly divided into three categories, imaging,
communication, and sensing. In some cases, the application may overlap into two or
more categories. Before diving into the applications, it is important to establish the
units used for various frequency/wavelength ranges. In the case of IR range, the
wavelength is generally expressed in μm (1 μm = (speed of light × 106) Hz). For the
THz range, the frequency is expressed in THz (1 THz = 1012 Hz). For microwave
range, the frequency is expressed in GHz (1 GHz = 109 Hz).

Figure 17.3. (a) Schematic representation of the graphene and silicon-based modulator. (b) Its transmission
response on application of gate voltage with optical illumination. Reproduced [78], under a Creative
Commons Attribution 4.0 International License, Copyright 2015, Nature Publishing Group.
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17.4.1 Imaging

The lack of response of conventional materials in the IR and THz range emphasizes
the importance of the development of MMs. Further, graphene itself has an
excellent response in this frequency range. IR imaging is vital as a non-destructive
evaluation technique for industrial as well as research applications. The study of the
thermal response of electronics is of immense importance. Furthermore, IR imaging
is used for stealth and security applications in scenarios where optical techniques
cannot be used. THz imaging is gaining importance in security applications, e.g.,
screening of luggage and passengers at airports. Further, THz spectroscopy can help
to achieve a greater understanding of the physics of materials. THz imaging has
created a lot of buzz in research laboratories. Graphene-based MMs are being
developed to be used as detectors, modulators, lenses, etc.

17.4.1.1 Absorbers
Absorbers can be used as detectors for imaging systems, radar absorbing surfaces,
surfaces to absorb unwanted EM energy, anti-reflective surfaces, solar absorber,
sensors, etc. There are several studies on the graphene-based MM as perfect
absorbers. Some of them are presented in this section and are classified according
to the frequency range of their application.

17.4.1.1.1 IR range applications
Safaei et al [82] demonstrated a mid-IR absorber (8–12 μm) with a broadband
absorbance of about 2 μm. The wavelength range selected for the study is of utmost
importance for thermal imaging. When the incidence wavelength was 10 μm, an
absorbance of 60% was calculated theoretically, and 45% was displayed exper-
imentally. A patterned (nanohole array with hole diameter 330 nm) graphene
monolayer was grown using CVD and nanoimprinted, on which an ion gel layer was
deposited. Another dielectric layer was placed below the graphene layer, followed by
a gold reflector layer. The thickness of the dielectric was selected such that a
constructive interference is created between the scattered and the incident electric
field; hence, the system acted as an optical cavity. The strong absorption was
attributed to the coupling of the surface plasmons wave with the incoming EM
wave. Presence of the nanohole array leads to activation of both localized surface
plasmon resonance and surface plasmon polaritons.

Lin et al [81] developed a tunable solar absorber with excellent thermal
conductivity and an overall efficiency of 68.9%. The graphene-based MM was
selected to overcome the problem of limited materials with high thermal conduc-
tivity and low thermal loss. Graphene structure consisted of square holes of size
0.59 μm and period 0.8 μm, and thickness 30 nm. The graphene structure was grown
on a metallic substrate, and the overall depth of the holes was 1 μm. The basic steps
of fabrication and the SEM image of the MM are shown in figures 17.4(a)–(d). The
metal used was copper, and it was structured using laser printing. The copper
structure was coated with graphene oxide that was converted to a 30 nm thick
graphene layer upon illumination using a mercury lamp. The absorber showed high
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absorbance from 0.28 μm to 1.6 μm, while almost zero transmission was observed in
that range (figure 17.4(e)). It was suggested that the high absorbance was caused by
the combined effect of surface plasmon resonance and the ability of holes to trap the
light. Beyond 1.6 μm, the light wavelength was too large to reach in the holes, thus
increasing the reflectance drastically beyond 1.6 μm. It was revealed through
simulations that as the depth of the hole was increased beyond 1 μm, the effect on
absorbance was minimal. To understand the practical working of the absorber, its
performance was observed via simulation under varying angle of incidences and
polarizations. It was observed that the efficiency of the absorber was almost constant
for transverse electric (TE) polarization for incident angles 0°–60°. However, the
efficiency decreased beyond 20° for transverse magnetic (TM) polarization. It was
deduced that decreased electric field intensity as the field became orthogonal to the
walls of the metallic structure was the main reason for the aforementioned
phenomenon. Simulations were performed using the FDTD approach, the exper-
imental reflectance plot was in close agreement with the simulations. The heat
captured by the structured layer was effectively transported to the metal layer below,
confirming the practicality of the absorber.

Mostaan et al [83] simulated a broadband MS absorber consisting of three-
layered graphene cut in the form of an array whose unit cell was in the shape of a
split rectangle. The graphene layers were on top of a dielectric substrate; gold
contacts and grounding layer facilitated the application of electrical biasing. The
three layers of graphene were chosen instead of one to increase the absorption of the
MS by increasing the EM interaction. However, a further increase in number of

Figure 17.4. (a) Steps required for the fabrication of the graphene-based MM absorber. Images of (b) copper
foil and (c) graphene-based MM. (d) SEM image of the surface of the MM. (e) The simulation and
experimental reflectance and absorbance plots. For the experimental plot, the hole width (w) is kept constant at
0.57 μm, and p is the period of the array. For the simulation plot, H2 SGM represents the MM having w
0.59 μm, p 0.8 μm and depth 1 μm and H3 SGM represents the MM having w 0.79 μm, p 1 μm, and depth
2 μm. Reproduced [81] under a Creative Commons Attribution 4.0 International License, Copyright 2020,
Nature Publishing Group.
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layers led to splitting of the broadband absorbance into multiple peaks. It was
reported that using silver, aluminum, or platinum instead of gold did not make any
significant changes to the performance of the MS. The performance of a single
graphene sheet with split rectangular shaped unit cells and with no splitting in the
rectangular structure was compared; the sheet with split ring structures showed a
much broader absorbance (30 μm with absorbance greater than 80%) in the far-IR
region. The Fermi energy of 0.6 eV displayed the best absorbance. Increasing the
Fermi energy led to splitting the absorbance band, and decreasing the Fermi energy
caused a significant decrease in absorbance.

17.4.1.1.2 THz range applications
One of the mechanisms for perfect absorbance of MSs is their subwavelength
structures acting as a Fabry–Pérot cavity, which allows only EM waves of certain
frequencies to pass through them [84]. Hence, the EM wave should be in resonance
with the structure. The resonance is achieved by multiple reflections in the interior of
the cavity. Therefore, altering the structure can lead to responses ranging from
broadband absorption to single or multiple sharp transmission/reflection peaks.
Other methods such as electromagnetically induced transparency (EIT) are also
responsible for the suppressed transmission/reflection, usually caused by the
destructive interference of the bright mode and dark mode of structures. The
Fabry–Pérot cavity effect was deemed the cause of dual band absorbance of a
graphene-based MM developed by Qi et al [85]. The MM consisted of a dielectric
layer with cross-shaped grooves forming an array that was placed on top of a
graphene layer. A dielectric layer and a grounding plate followed them to apply the
bias voltage. The absorber displayed two broadband peaks in the THz frequency
range with bandwidths 97.8% and 31%. The absorber was polarization mode and
angle (0°–80°) insensitive due to the symmetry of the structure. The absorbance of
the MM increased when Fermi energy was increased from 0 eV to 1 eV. Also, a
slight shift of the peak towards higher frequency was observed. Similarly, Huang
et al [86] designed a graphene MM based absorber whose structure acted as a
Fabry–Pérot cavity. The unit cell consisted of a graphene layer with cross oval
shaped holes placed on a dielectric and a grounding layer. A broadband absorbance
(more than 80%) was achieved from 1.2 THz to 1.8 THz. The cavity effect of the
structure combined with the surface plasmon excitation of the graphene layer which
resulted in the large absorbance of the MM. Also, the absorber was polarization
independent. The Fermi energy was changed from 0.3 eV to 0.7 eV; as expected, the
absorbance shifted to higher frequencies. Furthermore, the absorbance decreased
because the resonance frequencies deviated away from the optimal surface plasmon
resonance frequency.

Huang et al [87] designed a wide-angle tunable MM absorber for THz
frequencies. The MM consisted of square patch graphene with metallic wires placed
on a dielectric layer, followed by a grounding metal. The absorbance plot displayed
two peaks with over 90% absorbance; this was attributed to the activation of the
second order surface plasmon polaritons. The peaks shifted to a higher frequency as
the Fermi energy was increased. The low frequency peak shifted from 0.85 THz to
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1.01 THz, and high frequency peak shifted from 2.84 THz to 3.37 THz. Due to the
asymmetric structure, the polarization modes affected the response of the MM.
However, the TE mode showed good performance when the polarization angle was
varied from 0° to 45°, and the angle of incidence was below 50°.

17.4.1.1.3 Microwave range applications
Huang et al [88] demonstrated a wideband absorber for microwave frequencies,
8 GHz to 18 GHz, fabricated on a flexible substrate. Over 90% absorbance was
observed from 10.4 GHz to 19.7 GHz when the overall thickness of the prototype
was 2 mm (figure 17.5(d)). An array with a complex pattern was printed using ink
made of graphene nanoflakes on a flexible silicone substrate and a grounding metal
(figures 17.5(a)–(c)). The simulation and experimental reflection coefficient plots
were in close agreement. A VNA along with two antennas were used to measure the
free space response of a flat absorber sheet and an absorber sheet bent over a
cylinder. Although the performance of the bent sheet decreased, it still displayed a
wideband absorbance. The device was intended to be used as a radar absorbing
surface.

Zhang et al [89] developed an optically transparent and flexible MS. A broadband
absorption (more than 90%) was observed in the microwave range of 7–18 GHz. The
structure consisted of an ionic liquid electrolyte between two graphene layers with
periodic square holes, forming the first layer, followed by a polyethylene glycol
terephthalate (PET) substrate of thickness 3 mm and a thin grounding layer of
indium tin oxide (ITO). The CVD fabricated graphene contained n-type doping and
was transferred to the PET substrate using etching and lamination. Subsequently,
the graphene layer was patterned using laser beam cutting. The graphene electrolyte
graphene layers acted as a capacitor; as biasing was applied, the electrolyte would be
polarized. The high mobility of graphene creates the response in the microwave
range. The reflection of the electrolyte layer was minimal due to the low mobility of
the ions. Two antennas and a network analyzer characterized the response of the

Figure 17.5. (a) The pattern of the unit cell of the graphene-based absorber. (b) Fabricated sheet. (c) The
absorber sheet wrapped around a cylinder. (d) The reflection coefficient and absorption plots and the
comparison of experimental and simulated absorption. Reproduced [88], under a Creative Commons
Attribution 4.0 International License, Copyright 2016, Nature Publishing Group.
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absorber. As the bias voltage was increased, the sheet resistance decreased. Further,
the response changed from a broadband to a dual band when the voltage was varied
from 0 V to 6 V. Simulation results were used to explain the phenomenon. It was
observed that two resonant modes were present; in the low frequency mode, the
electric field localized at the edge graphene layer and surface currents flow in
the opposite direction compared to the ITO layer. While in the high frequency mode,
the electric field was localized near the square pattern edges, but the surface current
flowed in the same direction as the ITO layer. Further, the energy was dissipated due
to the ohmic losses in graphene. The absorber could be used as a radar absorbing
surface where transparency is required, for example, windows of cockpits.

Zhang et al [90] fabricated a tunable broadband absorber that worked in the
microwave frequency range using a design consisting of an electrolyte layer (50 μm
thick) sandwiched between two monolayer graphene layers (fabricated using CVD).
The electrolyte used was a diaphragm paper soaked with an ionic liquid, and the
whole structure was covered with polyvinyl chloride. The graphene electrolyte
structure acted as a capacitor. It was calculated that the change of Fermi energy
from 0.2 eV to 1.0 eV caused absorption decrease from 100% to 60%. Further, the
absorption was deemed frequency independent, which is not observed in the optical
or THz range. The absorber was also polarization independent and showed good
performance for incidence angles less than 80°. Experimentally, the bias voltage
applied was from 0 V to 4 V, which varied the Fermi energy from 0 eV to 0.17 eV.
The absorption was measured by a network analyzer setup in a waveguide
measurement method. The absorptivity increased from 50% to 100% as the gate
voltage was increased from 1 V to 3 V.

17.4.1.2 Lenses
MMs are being progressively used for the manipulation of EM waves beyond the
optical frequency range. The size and weight of the lenses can be reduced by the use
of MMs due to the presence of subwavelength structures. Li et al [91] used a
graphene-based lens to focus EM waves in the IR frequency range. The graphene
layer was placed on a dielectric and a silicon substrate. The substrate thickness was
decreased as the distance from the center increased, such that a cavity was formed at
the center. The Fermi energy was selected to be greater than 0.175 eV because the
losses in the graphene layer were low beyond this range.

Graphene can be used to make a lens that has a tunable working frequency and/or
focal length. Zainud-Deen et al [92] designed a tunable THz lens using a graphene-
based MM, whose structure consisted of a graphene array layer cut in an SRR-type
unit cell situated on top of a SiO2 substrate and another graphene layer below it. The
substrate also contained air gaps of thickness 1 μm. The lens was simulated from
0.74 THz to 0.94 THz, the MMwas able to focus EM waves into a directed beam. A
maximum gain of 19 dB was achieved at Fermi energy 0.5 eV. The frequency range
could be tuned by varying the Fermi energy. Liu et al [93] developed a THz lens with
tunable focal length using gold structures on which a graphene layer was deposited
via CVD. The gold structures were deposited on a silicon substrate and were non-
periodic; each structure had a different length and rotation. The structures were
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designed such that the incoming waves focus on the focal point, and upon the
variation of the Fermi energy, the structures should still be able to focus the wave
(although at a different point). The focal length of the lens was increased from
10.46 mm to 12.24 mm as bias voltage was increased from 0 V to 2 V. Hamzavi-
Zarghani et al [94] simulated a graphene-based lens to focus a circularly polarized
THz wave whose working range was electrically tunable. The lens could both
converge and diverge an incoming EM wave, depending upon the arrangement of
the unit cells. The unit cell comprised a dielectric substrate sandwiched between two
graphene SRRs whose gap was oriented at the same place. The unit cells were placed
in a row, and each unit cell was phase shifted at a particular angle to focus the EM
wave. At the incident frequency of 21 THz, the focal length obtained was 28 μm. For
a particular arrangement, if a right-handed wave converged, then a left-handed wave
would be diverged. Yao et al [95] developed a THz lens with both tunable working
frequency and tunable focal length. The MS consisted of graphene nanoribbons
arranged in a 1D array covered by ion gel. Further, they were placed on a dielectric
substrate and a grounding layer. The structure acted as a Fabry–Pérot cavity which
increased the interaction of the incoming EM waves with the graphene structure.
The plasmonic modes of graphene were activated upon strong absorption, and the
modes were dictated by the Fermi energy. Hence, the response of the lens was
tunable. Due to the geometry of the structure, only odd modes were excited because
the even modes interfered destructively. The working frequency range of the lens was
from 4 THz to 6 THz. The lens’s focal length could be changed from 50 μm to
150 μm by tuning graphene’s Fermi energy.

The lenses using conventional materials are restricted in their capability due to the
necessity of working in the diffraction limitation. Hyperlenses transform the
evanescent waves into propagating waves to go beyond this limit. The most practical
use of hyperlenses is in the THz and microwave range by the use of MMs, which can
offer unnatural abilities like negative refractive index. However, in optical systems
hyperlenses are not very common due to high losses and short resonance frequency
range. Andryieuski et al [96] developed a graphene-based hyperlens which could
resolve two sources separated by one fifth of the operating wavelength. The lens
consisted of a TOPAS substrate embedded with graphene strips with features in tens
of nanometers and periods in hundreds of nanometers. The simulation without the
graphene strips could not resolve the two sources. The hyperlens was studied with
simulations using CST Microwave Studio and COMSOL; the observations were
similar in both platforms. The simulation of the hyperlens was performed around
6 THz. The hyperlens has applications in THz imaging and power concentration. It
was reported that fabrication using metallic strips instead of graphene was not
practically possible due to the extremely thin width required.

17.4.1.3 Modulators
Graphene-based modulators are being explored due to their high switching speeds
because the modulators using conventional materials have low speeds beyond the
optical region. Graphene-based modulators can be used to develop high frame rate
video systems.
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17.4.1.3.1 IR range applications
Fan et al [97] demonstrated a high-speed modulator for IR waves in free space. A
patterned CVD grown monolayer graphene layer was fabricated using electron
beam lithography on an aluminum oxide substrate, which was grounded by a
metallic film. The experimental and simulation absorption plots were in close
agreement. As the gate voltage was varied from 0 V to 100 V, the absorption
peak shifted from 7.45 μm to 7.95 μm, however, absorption of greater than 90% was
maintained. The change in Fermi energy caused a change in the working frequency
and the focal length. At a gate voltage of 100 V, the modulation achieved was
approximately 85% in the 7.5 μm frequency range. Furthermore, the modulation
speed achieved was about 2.6 GHz. The modulator protype of area 100 × 120 μm2

was practically tested using a setup comprising of a blackbody radiation source
which passed through a chopper and onto the modulator that reflected the signal to
an IR camera. When the graphene modulator was not used, a 5 kHz signal could not
be captured by the IR camera because the signal was much faster than the camera’s
frame rate. However, the image of the chopper blade could be captured upon the
introduction of the graphene modulator. Painelli et al [98] simulated a graphene-
based MM modulator working in the mid-IR frequency range. Alternating layers of
monolayer graphene and SiO2 were used. As the number of graphene monolayers
was increased from one to six, the working wavelength of the modulator blue shifted
by 3.6 μm at Fermi energy of 0.8 eV. The six monolayer geometry had a band pass
type reflectance plot with the central wavelength of about 3 μm. The working
frequency was red shifted by 2.3 μm as the Fermi energy decreased from 0.8 eV to
0.2 eV. The modulator showed minimal variation in performance upon incident
angle variation in the TM polarization mode, while the TE mode displayed
dependence on the angle of incidence.

17.4.1.3.2 THz range applications
Zhang et al [99] designed a modulator that could generate linearly polarized waves
whose azimuth angle could be selected from 0° to 90° by altering the Fermi energy.
Further, the device also worked as a perfect absorber when the geometry of the unit
cell was changed. First, considering the absorber, the unit cell consisted of cross-
shaped gold resonator placed on top of two layers of cross-shaped graphene
separated by a thin SiO2 layer. Followed by a dielectric and a grounding gold
layer. The dimensions of the structure were optimized by simulations; the length and
width of the gold cross were 92 μm and 15 μm, respectively. Graphene cross had
length equal to the period of the unit cell (120 μm) and the width was 5 μm. The
electrical biasing (0.0 eV to 0.5 eV) could tune the working frequency of the
modulator by 15%. Absorbance greater than 95% was attained in the THz frequency
range (the simulation study was performed from 0.8 THz to 1.3 THz). Further, the
absorber was polarization independent. Next, the cross-shaped geometry of the gold
structures in the unit cell were changed to cut wire geometry, followed by a cut wire
shaped graphene layer, thin dielectric layer, cross-shaped graphene layer, thin
dielectric layer, cut wire graphene layer orthogonal to the first cut wire graphene
layer, cut wire gold layer orthogonal to the first gold layer, dielectric layer and finally
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the grounding gold layer. The above alterations were performed to convert the
absorber into a polarization modulator working in the reflection mode. The working
of the polarization modulator was confirmed by performing a simulation in which
the azimuth angle of the 0.87 THz wave was tuned from 0° to 90° by varying the
electrical bias of the x- and y-axis graphene cut wire layers. Hence, the reflected wave
could be linearly polarized in the x- or y-axis by adjusting the electrical bias. Li et al
[77] developed a highly efficient modulator which used a combination of electrical
bias and optical photodoping. Even at very low voltage (≈1 V), a modulation depth
of 60% was achieved. An SRR structure of aluminum was fabricated on a silicon
substrate via lithography. A p-type graphene monolayer grown by CVD was
transferred to the SRR structure. To apply the electrical bias, contacts and
grounding layer were also incorporated. The MS was optically illuminated by a
continuous wave laser which had a wavelength of 532 nm and power used was
between 140 mW and 420 mW. The modulation depth in the THz frequency range
was increased when gate voltage along with laser illumination was applied. The
mechanism for the enhanced modulation phenomenon was similar to the one
explained in section 17.3.2. Liang et al [100] developed a THz quantum cascade
laser integrated modulator with a modulation depth of 100%. The structure of the
MM consisting of graphene and circular concentric grating modulator is shown in
figures 17.6(a)–(c). The thin layers of the structures helped to decrease the parasitic
capacitance and overall resistance. The grating facilitates the laser beam to pass
vertically through the graphene layer, which was electrically tunable. The electric
field was concentrated in graphene near the output aperture. The measurements
were performed when the laser operated at around 3.2 THz in the pulsed mode
(pulse width 500 ns) and repetition rate 10 kHz. The intensity increased considerably
as gate voltage was varied from −26 V to 49 V.

17.4.2 Communication

THz communication is a rapidly emerging field because THz waves are more
directional than microwaves and are not easily scattered in the atmosphere, as in the
case of IR waves. Further, MMs can be used to develop smaller and more efficient

Figure 17.6. (a) The schematic representation of the circular concentric grating laser integrated modulator; the
electrical pumping of the quantum cascade region takes place in the orange area. (b) Optical image and
(c) zoomed in image of the area near the center of the laser integrated modulator. (d) Modulation of the THz
wave by the laser integrated modulator with the variation in gate voltage VG. Reproduced [100] under Creative
Commons Attribution 4.0 International License, Copyright 2015, ACS Publications.
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antennas. EIT-based MMs are being explored to develop slow light devices, which
are extremely useful in reducing the noise and energy consumption. EIT-based
devices can also be used for stealth applications. Cloaking is one of the applications
of MMs, which has gained a lot of attention from the research communities over the
years. Another interesting application of graphene-based MMs is holography, which
can be used for fast and secure communications.

17.4.2.1 Antenna
Amanatiadis et al [101] designed an antenna consisting of a dielectric substrate and
silicon layer with a graphene resonator. It was deduced that at the working
frequency of 1.67 THz, the antenna length and efficiency could be optimized by
an epsilon near zero material. However, natural materials do not display epsilon
near zero behavior, and hence, a graphene-based MM layer was chosen to replace
the dielectric layer. The MM layer consisted of a complex structure made out of
graphene as the unit cell, which was placed vertically in the form of an array in a
SiO2 matrix. The structure’s resonant frequency was 1.67 THz, and the radiation
efficiency was improved by four times compared to the antenna without the MM
layer. Radwan et al [102] simulated a patch antenna working in the THz frequency
range, which used a graphene SRR array. The SRR was placed in a SiO2 layer
sandwiched between silicon and gallium arsenide (GaAs) layers. Further, a thin SiO2

layer was situated on top of the silicon layer, and a tunable graphene radiating patch
was placed on it. The simulation results confirmed that the performance of the
antenna improved as the SRR structure was integrated into the antenna. When the
Fermi energy of the graphene radiating patch was varied from 0.1 eV to 0.5 eV, the
bandwidth of the antenna increased. When the Fermi energy of the radiating patch
was kept constant at 0.2 eV, and the Fermi energy of the SRR layer was changed
from 0.0 eV to 0.5 eV, the bandwidth increased from 0.08 THz to 0.5 THz, which
improved the performance by 25% and 44% as compared to the antenna without
SRR structure. The simulation was performed from 0.5 THz to 3.5 THz.

Degl’Innocenti et al [103] developed an antenna to modulate the amplitude of a
quantum cascade laser that worked in THz frequency. Presence of subwavelength
structures increased interaction of light with the structures of the antenna. The
graphene monolayer was fabricated on copper using the CVD method. The
graphene layer was moved to a silicon/SiO2 substrate by etching and was patterned
by optical lithography. Further, an SRR shaped gold array was created using
electron beam lithography and evaporation techniques. The experimental reflectivity
was measured to study the effect of gate voltage. As the voltage was varied from 0 V
to 120 V, the reflectivity decreased. Plasmonic excitation of the metallic antennas
coupled with the response of the graphene layer. Further, to test the speed of the
modulator, a quantum cascade laser operating at 2.05 THz was used. The frequency
selected was near the plasmonic response for the antenna which had an arm length of
26 μm. For repetition rate of 100 kHz, the modulation depth for the antenna was
first increased, and after around 90 V, it decreased. The maximummodulation depth
achieved was about 8.6%. Furthermore, the modulation depth variation at different
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speeds was measured. The modulation depth remained almost constant until about
5.5 MHz, after which it decreased.

Poorgholam-Khanjari [104] developed a modified Vivaldi antenna working from
0.5 THz to 2 THz. The Vivaldi antenna was accompanied by two parasitic elliptical
structures pointing out from both the sides of the antenna to improve the gain. The
structure was placed on a quartz substrate with an area of 500 × 400 μm2. To
enhance the performance and directivity, a single graphene layer was proposed to be
placed in front of the antenna. High gain and directivity are essential for medical
applications. Although the graphene layer improved the performance and added
reconfigurability to the system, a large decrease in gain was observed. To overcome
the aforementioned limitation, four layers of alternating graphene and silicon were
placed in front of the antenna which acted as MM lens. Further, the Fermi energy
was optimized to attain a return loss under −10 dB, it was reported that 0.7 eV was
the optimal Fermi energy. The electric field distribution for Fermi energy 0.1 eV was
studied. As the frequency was increased, the gain increased, and the bandwidth was
reduced. The MM based structure was considered to detect tissues infected with
cancer. The two antenna systems were placed on each side of the tissue under testing.
The detection was based on the refractive index of the variation of the cancerous
tissue as compared to healthy skin tissue. The simulation was performed for three
types of samples, skin tissue, skin tissue along with cancer tissue, and cancer tissue.
The reflection response contained multiple modes. However, at the first resonance,
which was around 1.1 THz, the reflection of skin tissue, cancer tissue, and skin tissue
were −58 dB, −45 dB, and −28 dB, respectively. Hence, the calculations could be
used to detect cancerous tissues.

17.4.2.2 Transparency
Farhat et al [105] used multilayer graphene layers to cloak a dielectric sphere in the
far-IR frequency range. The cloaking frequency could be altered by tuning the bias
voltage of the layers. Initially, cloaking performance of single-layer graphene was
studied. The graphene layer was able to significantly suppress the scattering cross-
section of the sphere, which was visualized using the electric field distribution. The
equation to minimize the scattering cross- section resulted in two solutions, one with
negative permittivity and the other with positive but near zero permittivity. The
negative permittivity condition resulted in better cloaking performance, although
the near zero permittivity condition had greater tunability. Next, the number of
graphene layers around the sphere were increased, and each layer could be electri-
cally biased separately. The multilayer graphene cloak displayed a multiband
response. The number of bands was equal to the number of graphene layers
surrounding the object. Study with the single-layer graphene involved suppressing
the frequency which was able to excite the dipole mode, higher frequencies will be
able to excite multipoles even in simple geometries. Hence, the ability to tune
multiple bands is essential for future applications. The proposed cloaking can be
experimentally demonstrated by fabricating cylindrical graphene sheets [106].

Li et al [107] developed a modulator based on EIT that was tunable via
photodoping. The unit cell of the array comprised cut wire and two square
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SRR-type structures. An infrared laser was used for the optical illumination, the
modulation achieved at 0.81 THz was 81.68% when 1000 mW power was used. The
photodoping method was also used by Deng et al [108] to achieve tunable EIT in a
graphene-based MM in the THz frequency (1–1.5 THz). Unit cell of the array
consisted of unequal double bar geometry fabricated out of gold on a GaAs
substrate, and graphene monolayer grown using CVD was added on top of the
structured gold array using wet transfer technique. The optical illumination source
used had a wavelength of 800 nm, pulse width 100 fs, and repetition rate 1 kHz, and
was incident normally on the MM. Along with the effect of the gold array, the
response to the optical illumination was dependent on the interaction of the band
structures of graphene and the GaAs substrate. The two asymmetric bars led to two
dipole resonances and created an EIT type window between the two resonances
caused by the destructive interference of the responses in the near field. The width of
both the bars was 6 μm, and the lengths were 36 μm and 46 μm. The EIT effect was
also observed without the graphene layer. The distance between the bars also played
a vital role in determining the response when a graphene layer was included,
increasing the distance led to a red shift. Furthermore, the effect of the pump fluence
on the graphene-based MM was studied. It was observed that as the pump fluence
was increased, the EIT effect was suppressed and a major decrease in transmission
was reported. The aforementioned effect was due to the absorption of the THz
waves by the increased carriers generated due to optical illumination and suppres-
sion of the interference of the dipole resonances. The suppression was also observed
in the electric field distribution.

Kindness et al [109] developed a modulator based on the EIT phenomenon. The
unit cell of the array comprised of two C-shaped metal resonators along with
graphene, as shown in figure 17.7(a). The substrate was a p-type silicon with a 300
nm SiO2 layer, and was placed on a grounding layer. Electron beam lithography and
thermal evaporation were employed to deposit the metallic array on top of the
substrate. Graphene fabricated via CVD was transferred to the metal layer, and
electron beam lithography and etching were used to pattern it. Initially, only the
metallic components were considered; the larger resonator interacts much more
strongly with the incoming THz wave because the electric field component has much
more length to interact with, as compared with the smaller resonator. Hence, the
smaller resonator is represented as the dark mode, and the larger one is considered
the bright mode (figures 17.7(b) and (c)). Further, the capacitive coupling causes the
individual plasmonic modes to be converted into two hybridized modes, one at
lower frequency (bright mode at 1.49 THz) and the other at higher frequency (dark
mode at 1.74 THz). Upon introduction of graphene with DC conductivity of 0.3 mS,
the bright and dark modes in the resonators were still intact, however, the direction
of current in the smaller resonator reversed at higher frequency (figures 17.7(d) and
(e)). Hence, the graphene losses were minimal at low conductivity. But when the
conductivity was 1.6 mS, the dark mode was suppressed due to the presence of
graphene, as shown in figure 17.7(f). The variation of the transmission spectrum to
changing conductivity is presented in figure 17.7(g).
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17.4.2.3 Encryption
Holography is a method by which the constituents of an image can be stored and
then reproduced using the phase and intensity information [110]. Holography can be
used to securely send information in the form of data, images, or videos [111].
Momeni et al [112] designed an MS using an array that was able to send encrypted
THz beams through free space. The MS was reprogrammable due to the presence of
graphene. The unit cell was constructed out of a Jerusalem cross-shaped graphene
layer on a multilayer dielectric and a metallic grounding layer. The application of
gate voltage allowed the unit cells to turn ‘on’ or ‘off’ the reflected THz wave.
Therefore, the MS could be reprogrammed to conveniently change the security code.
The 2D inverse Fourier transform was used to study the effect of the unit cells on the
overall response of the MS. The MS was able to convert the original data wave into
a parity beam that added extra data to mask the actual data which needed
protection. Further, the parity beam received by the detector required decoding to
reveal the actual information. The data (in the form of 1 and 0) was transferred to
the MS and replicated in each row of the coding matrix. The data was phase encoded
using memory registers to enable the MS to transmit parity beams instead of beams
containing the actual data. Rajabalipanah et al [113] used an MS constructed out of
graphene nanoribbons to securely send messages. The holography-based method
used the phase shift of the wave when an x polarized, or y polarized struck the
surface of the MS. The phase shift was due to the delay by the surface plasmons
excited on graphene. When the Fermi energy was increased, the resonance frequency
decreased. Hence, the reflection phases of the polarization were tuned by altering the
Fermi energy of the x- and y-direction individually. A 45° phase shift was produced
for the polarization in the x- and y-direction to create a 3 bit hologram.

Figure 17.7. Simulation results for the modulator. (a) Schematic illustration of the unit cell, and the electric
and magnetic field directions. The electric field in the z-direction for the individual resonators (without
coupling) in the (b) bright and (c) dark modes. The red arrow represents the current direction in the resonator.
The electric field in z-direction when the conductivity of graphene was (d and e) 0.3 mS and (f) 1.6 mS. (g)
Transmission plot of the simulation for the modulators for various graphene conductivities. Reproduced with
permission [109], John Wiley & Sons, copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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This technique decreased the interaction of the neighboring unit cells and hence,
improved the performance. The electrical bias in each cell was individually
controlled to feed the 3 bit data to the MS. The location of the unit cell was
mapped by using two codes for the x- and y-axis. The two polarizations were able to
create different images individually by employing the weighted Gerchberg–Saxton
algorithm [114]. Each unit cell could be turned ‘on’ or ‘off’ by appropriately
applying electrical bias; hence, the MS was reprogrammable. The working of the
device was explained by sending a four-letter word securely. The location of the
letters was mapped in a jumbled 8 × 8 table, as shown in figure 17.8. Therefore,
the word could only be correctly identified if the user had the key to the table.
Furthermore, another security layer was added to the device by encrypting the word
using a convolution algorithm which needed generator polynomials to decode the
data. The ability to control two polarizations individually allowed two messages to
be sent simultaneously, which was not possible using conventional methods. Hence,
the device was able to send data in a fast and secure manner.

17.4.3 Sensing

The high absorbance and/or reflection and tunability of graphene-based MMs
makes them highly attractive for sensing applications. Most of the sensors developed
are refractive index based and do not require any particular labeling. THz sensing
and spectroscopy are gaining importance as the development of MMs has
progressed. Yi et al [115] simulated a graphene MM which had two absorption
peaks in the IR range (22.5 μm and 74.5 μm) with maximum absorption more than
99%. The MM comprised the following layers from top to bottom, periodic

Figure 17.8. Working of the holography-based encryption system using graphene MS. As an example, a four
letter word was coded into a table that had a unique key. An additional security layer was added by
convolutionally encrypting the data. Due to the control over the two polarizations, two words simultaneously
could be sent securely. Reproduced [113] under Creative Commons Attribution 4.0 International License,
Copyright 2020, De Gruyter.
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graphene layer, SiO2 layer, a gold layer and a silicon substrate. The highest
sensitivity obtained was 17.2 μm/RIU. Further, the absorption was electrically
tunable. Similarly, Huang et al [116] developed a tunable MM absorber working in
the mid-IR regions. The bandwidth obtained was 17.7 THz (82.3 THz to 94.0 THz),
with absorption more than 90%. The unit cell consisted of a Jerusalem cross
structure made out of gold, below which a graphene layer was present of the same
pattern with slightly greater widths. The above layers were placed on top of a
dielectric and a grounding gold layer. It was reported that owing to the symmetry of
the unit cell, the response to TE and TM polarization was similar. Using the
contours of the electric fields of the structure, it was shown that opposite charges
were collected near the gap between the metal and graphene structures, and surface
currents were in the opposite directions for both TE and TM modes (although,
positions were different but they still cancelled each other out). Further, the
enhanced absorption was explained using the two-mode waveguide coupling model.
The MM absorber was tuned by varying the Fermi energy of the graphene layer, the
peak absorption shifted from 85.2 THz to 93.6 THz as the Fermi energy was varied
from 0.2 eV to 0.6 eV. The sensitivity to change in permittivity of the surrounding
medium was established, the frequency shift varied almost linearly with the change
in surrounding permittivity.

Sadafi et al [117] designed a THz sensor that used a SiO2 substrate on which the
unit cell was built. The cell comprised a gold SRR with two gaps that were filled by
graphene strips, and the cell was grounded by a gold layer. The simulations were
performed on CSTMicrowave Studio. TheQ factor of the absorption peak obtained
was 50, and the peak moved towards higher frequencies when Fermi energy was
changed from 0.1 eV to 0.2 eV. The sudden rise in absorbance was caused by the
destructive interference of the responses of gold and graphene structures.
Dimensions of the unit cell were optimized using the simulation results. The
sensitivity obtained was about 0.6 THz/RIU, which was comparable to the sensors
available in literature. Lee et al [118] used a patterned gold structure with graphene
strips in the nano range to detect single-stranded DNAs in the concentration range
of a few nmol mm−2. The transmission peak in the THz range was shifted due to the
binding of the DNA molecules with the π π stacking of the graphene nano strips. He
et al [119] simulated a sensor with maximum sensitivity of 0.18 THz/RIU in the THz
frequency range. A MM with a graphene layer consisting of SRR and two wired
slots whose length was greater than the SRR was used as the unit cell. The
destructive interference between the two structures resulted in a sharp reflection
peak (maximum Q factor 86.6) which was referred to as electromagnetically induced
reflection. The Fermi energy of graphene was used to alter the response of the MM.
The shift in reflection peak was from 0.107 THz to 0.180 THz as the Fermi energy of
the graphene layer was changed from 0.5 eV to 0.2 eV. Qi et al [120] developed a
tunable refractive index sensor with a maximum absorptivity of 49.2%. The unit cell
comprised a graphene layer shaped in the form of elliptical rings, the array was
situated on top of a SiO2 substrate. The features of the unit cells were in the range of
a few microns. The maximum absorption increased from 10.7% to 49.2%, and the
resonant wavelength blue shifted from 107.03 μm to 53.11 μm, as the Fermi energy
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was increased from 0.2 eV to 0.8 eV. Further, bandwidth decreased as the Fermi
energy was increased. Using the electric field distribution, it was reported that when
Fermi energy was increased, the electric field near the edges of the elliptical ring
increased because of localized surface plasmon resonance effect. The geometric
parameters and the periodicity of the array were optimized using the simulation
results. The effect of angle of incidence was also studied, as the angle was increased
from 0° to 60°, although the intensity of absorbance decreased, the resonant
frequency did not change significantly. To confirm the refractive index sensitivity
of the sensor, the refractive index of the surrounding was increased from 1.0 to 1.4.
Upon the increase of refractive index, the absorbance decreased, and a significant
red shift was observed. The maximum sensitivity recorded was 14.11 μm/RIU.

17.5 Conclusions
Simultaneous negative permittivity and permeability possessed by MMs enable
them to be used in unique applications, including cloaking, holography, hyperlenses,
perfect absorbers and various others. MMs have subwavelength periodic or non-
periodic structures which can modify the response of the incoming EM waves.
Therefore, apart from the material used, the shape and size of the structures play a
vital role in determining the response of the MMs. The active frequency range of the
MM depends upon the size of the structures selected.

The fabrication of optical MMs and MSs is complex and often requires advanced
fabrication techniques such as electron beam lithography and nanoimprint lithog-
raphy. Further, self-assembly is being explored for its potential for mass production.
The THz and microwave MSs fabrication is relatively simpler due to the size of the
structure being in the micro to millimeter range. Hence, commercial fabrication
methods such as injection molding, laser micromachining, and 3D printing can be
used. However, the fabrication of 3DMMs in the THz requires advanced techniques
such as two-photon fabrication and optical lithography.

Owing to the tunable electrical conductivity and EM response across the
frequency spectrum, a plethora of graphene-based MMs are being explored. Most
conventional MMs are considered to have a narrow spectral range [121]; the
incorporation of graphene can help achieve the broadband range due to its long
lifetime. Furthermore, the high switching speed of graphene-based MMs due to high
carrier mobility and fast carrier relaxation time of graphene is important for
applications in imaging and communication. The addition of graphene can help
tune the response of MMs much more easily than by altering the subwavelength
structures. The tunability using graphene can be achieved by changing its chemical
structure, applying an electrical bias, and photodoping. Generally, applying an
electrical bias and/or photodoping is selected for graphene-based MMs, the
conductivity of graphene is altered due to the variation of Fermi energy. The
electrical bias is applied by using a FET type structure; the graphene layer is placed
on top of a semiconducting substrate, followed by a metallic grounding layer.
Contacts are added on the graphene layer to apply a gate voltage, and thereby
changing its Fermi energy. To effectively apply the photodoping, graphene is placed
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on a semiconducting substrate which enables excess carriers to be transferred into
the graphene layer upon optical illumination.

The current chapter divided the applications of graphene-based MMs into three
categories, imaging, communications and sensing. The majority of applications were
in the IR, THz, and microwave frequency range. The lack of response of conven-
tional materials in the aforementioned frequency range has caused research groups
to explore graphene-based MMs. THz imaging is an emerging area for security and
spectrometry applications. IR-based thermal imaging systems are essential to study
the heat distribution for industrial applications, especially the electronics industry.
Graphene-based MMs can be used as detectors, lenses to manipulate the EM waves,
and high speed modulators. Graphene-based MMs can also be used as hyperlenses
which can achieve subwavelength resolution that is not possible using conventional
materials [96]. Further, the broadband absorbance of the perfect absorbers can be
used as radar absorbing surfaces (particularly in the microwave frequency range),
surfaces to shield electronics from unwanted EM energies, and as solar absorbers.
THz waves have the advantage of being more directional than microwave waves and
less prone to attenuation in the atmosphere as compared to IR waves. Therefore,
THz based systems are being explored for future communication devices. The EIT
phenomenon displayed by MMs can be used for stealth applications. The cloaking
of a 3D object was demonstrated theoretically in the IR range [105]. The develop-
ment of EIT-based devices can help in the advancement of slow light technology,
which can drastically reduce the energy and noise in communication systems.
Graphene-based MMs can be used to develop smaller, lightweight, and more
efficient antennas. Another recent application of graphene-based MMs is the fast
and secure transfer of data using THz waves [112]. Also, an MS capable of sending
encoded messages using holography was presented [113]. Sensors with high
refractive index sensitivity without using any labels can be developed using graphene
MMs. A sensor utilizing a Vivaldi antenna with a graphene-based lens was
demonstrated to detect cancerous tissues [104].

MMs have gained a lot of attention because of their unique properties and
potential for futuristic applications. Simulation and theoretical methods have helped
to understand the working of MMs. The development of advanced fabrication
techniques has led to an increase in the testing of MMs for real-world applications,
which is essential to take into account losses that are not explained by theoretical
results. The inclusion of graphene can improve the performance of MMs, and tune
their response by applying gate voltage and optical illumination. Therefore,
graphene-based MMs are an exceptional prospect for everyday life applications.
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Chapter 18

The way ahead for graphene-based technologies

P B Pillai, A Achari and R R Nair

Nearly two decades of academic research has dramatically expanded the boundaries
of our scientific knowledge about graphene and unveiled some of its exceptional
material properties. The next stages of development are expected to be led by
industries designing innovative products based on graphene, equipped with the
caliber to address some of the real-world problems. This chapter identifies the main
application sectors where graphene is expected to play a key role and reviews some
of the outstanding challenges to address. We also discuss the outcomes of the
material standardization initiatives across the globe along with a roadmap detailing
the anticipated timeline of future developments in graphene technology.

18.1 Introduction
Within a short span after its first isolation [1], graphene-based materials are showing
clear signs of transformation from academic research to a true industrial material
capable of disrupting dozens of market sectors from energy to health care. Some of
the main roadblocks ahead in the commercial development of graphene-related
materials (GRMs) products are the immature material supply and process chal-
lenges in transforming this atomically thin material to commercial products by
preserving most of its superlative properties. Global suppliers are now cranking up
the production of GRMs at a current rate of over 2.5 kilo tonnes per year. However,
these over-aggressive production scale-up attempts have compromised the fine
controls in the manufacturing process, essential to produce superior quality
graphene. Despite these overwhelming challenges imposed by the material variability
issues in the supply sector, commercialization of graphene has evolved significantly
through several joint ventures between industries and academic institutions under the
roof of major government investment programs for, e.g., the European graphene
flagship initiative. As a result, several graphene products have already made their
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market entry and clear market and technological potential of several application areas
have been identified. This chapter present an overview of prospects and challenges of
main GRMs application areas such as composites, barriers and coatings, membranes,
beyond complementary metal-oxide–semiconductor (CMOS) and biomedical appli-
cations that present significant technological and market opportunities in the short–
medium term commercialization drive. The chapter also discuss global initiatives
towards standardization of GRMs to improve the reliability and reproducibility of
GRM products. Towards the end, a roadmap for graphene is presented with an
anticipated timeline to achieve various technology milestones.

18.2 Global research initiatives
Through several worldwide initiatives, significant research investments have been
made to boost the technology readiness level (TRL—a nine-point indicator to
describe the maturity of a new technology, the higher the TRL number, the closer
the technology to its commercialization) of GRM technology. Among these, the
most notable one is Europe’s ambitious €1 billion graphene flagship (GF) program,
kickstarted in 2013 with a spending plan for 10 years to drive GRM technologies to
their full commercialization and with an overarching aim of making Europe a
powerhouse of graphene-based technologies. In 2020, the GF program identified 11
spearhead projects to push the TRL of several GRM products such as water
purification membranes and fast charging sustainable batteries to flexible sensors to
autonomous driving [2]. In 2021, the European Commission launched an additional
€20 million investment towards the GF experimental pilot line [3] to advance the
technologies in 2D electronics, optoelectronics and sensing towards commercializa-
tion. A number of application areas identified by GF overlap with the priority areas of
Europe’s next €100-billion science fund [4], which may open up a new funding
landscape for several emerging GRM applications including spintronics and radio
frequency devices. With a similar intention to focus on the graphene market, the South
Korean government, with an investment budget of USD 107.7 million, introduced a
five-year technology roadmap to promote the commercialization of GRMs technol-
ogies [5]. While representing over 33% of the global graphene market, China also
competes in the commercialization drive for graphene by identifying GRMs industri-
alization as a priority in the Development Plan for New Materials as part of the
Government’s 13th Five-year Plan Period (2016–20) [6]. Beside these public sector
investments, there is a growing investment in graphene from industrial organizations
also. For example, Skeleton Technologies—the market leaders in energy storage
technology in partnership with Karlsruhe Institute of Technology will have developed
a graphene-based SuperBattery by 2023 with an ultra-short charging time of 15 s and
signed a €1 billion letter of intent with a leading automotive manufacturer [7]. Another
major private sector initiative for graphene is by South Korean fiber producer Huvis
by signing a memorandum of understanding for mass production of graphene fibers
and related products [8]. A joint effort between Nationwide Engineering with
University of Manchester is targeting to commercialize graphene-enhanced concrete
technology [9]. The list is not comprehensive, but expanding on a daily basis.
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These global initiatives are intensively focusing on rapid upscaling of the GRM
technology and GRM market size expected to outgrow USD 1 billion by 2027 [10].

18.3 Graphene-based products in the market
The 2017 version of the technology innovation roadmap (TIR) of the EU GF has
grouped the main application areas that possess a significant technological potential
into four mainstream fields of application [11, 12]. Figure 18.1 summarizes the
application areas containing a broad category of products with maximum current
market potential identified by the TIR [12].

Some of the major product developments from these categories are summarized
here. Affordable lightweight materials solutions with high mechanical strength,
flexibility, temperature tolerance and lightning strike performance for aviation and
terrestrial transport sector are awaiting market entry, whilst, a number of products
are already commercially available, e.g., GRM incorporated bike tyre from Vittoria,
car parts by Ford Motors and thermal interface pads used in Huawei Mobile
phones. Besides, a number of graphene-based products have recently been intro-
duced or await their market entry, such as GXT-LUBE–a graphene-based synthetic
additive for the treatment of engine oil, GXT–electrostatic discharge bags for
electronic devices, GXT paint-customized commercial paint with graphene solution,
graphene-based electrically conductive fabrics for human–machine interfacing by
Grafren AB, that are expected to achieve the full roll-to-roll production goal shortly.
Other notable developments in graphene towards commercialization are Grapheal’s
TestNpass, a digital biosensor for the antigenic detection of SARS-CoV-2, chip-
based sensors developed by Nanomedical Diagnostics (USA) to evaluate activity
assay of drug molecules using Agile R100 Graphene Biosensor and wireless powered
brain interface that is under development by Inbrain Neuroelectronics (table 18.1).

Figure 18.1. Technological and market potential categorization of various GRM technologies by EU
graphene flagship TIR results.
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18.4 Prospective applications and deadlocks
As market leaders started perceiving the application potential of GRM products, the
product revolution has mainly started with European market niches such as energy
storage and composites. It is anticipated that product development now will spread
to other areas such as flexible devices, filtration membranes, and display electronics.
In the following section we try to identify the compelling opportunities for product
innovation and outstanding challenges in these emerging application areas.

18.4.1 2D materials in composites and additives

18.4.1.1 Introduction
2D materials are generally used in composites to enhance the inherent properties of
the host bulk materials such as polymers and ceramics. The enhancement can be in
the mechanical, conducting or barrier properties of the host material. Besides,
graphene and analogous 2D materials (GRMs) are also used as additives to fluids to
enhance certain aspects of their application, such as to act as an adsorbent for
unwanted materials in a liquid. Regarding composites, the general approach of
using graphene-like materials is as an additive or as a coating. 2D materials such as
graphene can be used in these applications in various forms such as few/multi-
layered graphene, graphite platelets, graphene nanoribbons, or as reduced graphene
oxide (rGO). Due to its existence in many different forms, the distinction between
various nano and bulk forms of graphene are not very clear for many of the
applications. However, this versatility also gives 2D materials a wide application
range. 2D materials can be used as additive or coating for many applications that
benefit from enhancement of material properties, some examples of which are noted
below.

The global demand to reduce greenhouse gas emission and reduction in carbon
footprint has forced the transport industries to reduce greenhouse gas emission and
look for alternative manufacturing routes to build lightweight vehicles. This shift in
focus has created demand for lightweight and strong materials for different
manufacturing processes. In addition to being durable, these materials must be
affordable, meet the existing safety standards and be functional. Polymer-based
composites of 2D materials can fulfill these demands. In the automotive sector,
polymer-based composites are predicted to replace the existing technologies by 2030.
Wind power and aerospace engineering are pioneers in the use of such lightweight
polymer composites. In aerospace, polymer-based composites are regularly used in
wings and fuselage [13] in planes such as Airbus A350XWB, Boeing 787 Dreamliner
to reduce greenhouse gas emission and increase efficiency.

GRM-polymer composites can combine various properties of 2D materials and
polymers into a single material. This allows fabrication of lightweight materials and
integration of functionalities. For example, 2D materials can bring many different
properties that are not found in common polymeric materials such as high
mechanical strength, thermal conductivity, electrical properties, barrier, flame
retardancy, anti-friction etc (figure 18.2). 2D material incorporation can be highly
utilized in polymer-based 3D printing, where additives can provide a lot of benefits
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like higher strength and thermal/electrical conductivity [14]. GRMs can benefit from
a strong growth in this sector (20%–30%) for consumables [15], ~10% for the 3D
printing market [16].

In addition to being used as coating materials, GRM can be used as an additive to
the metal and polymer composites to enhance related properties. Metal matrix
composites are used to enhance functionalities such as lightweight metals for
transport applications, improved metals for batteries and supercapacitors or to
improve the corrosion resistance. On the other hand, ceramic materials can also
benefit from the emerging properties of the GRMs. For example, for refractory
materials, enhancement of material property can result in thermally
stable composites with superior mechanical strength at high temperatures.

18.4.1.2 Opportunities:
Main application of bulk 2D materials as composites can be categorized in two main
divisions: additive to bulk solids in form of composites and additive to fluids. There
are several different application subdivisions under each of these two broad
categories, as noted in figure 18.3.

These application areas have a broad variety of possible markets. Basically, any
market that depends on or gains from material developments can use the improved
composites. Looking at the composites market more broadly, it was predicted that
in terms of the value of end products, the global market will be approximately
$90 billion in size by 2020 [17]. The global market for functional composites is still
developing, and the majority of composites are employed to utilize their superior
mechanical strength and light weight. For instance, the market for conductive
polymers is still in its infancy. Consumer products and electronics account for 25%
of end users, followed by building, construction, storage, and pipeline (23%) and
transportation (22%). Thermal (29%), electrical (23%), and barrier (19%) are the
primary functions [18]. The growing popularity of GRM composites in materials
research and application development is evident from a steep increase in the number

Figure 18.2. A comparison of properties of pristine graphene and graphene-based composites [14].
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of scientific publications and filed patents featuring 2D material composites over the
past decade (figure 18.4).

18.4.1.3 Challenges
Despite the great hype surrounding graphene/2D material enhanced composites,
challenges exist for its market takeover. The market targeted by these composites is
already very mature, dominated by a multitude of other composites. There also
exists a well-established market of composites with various nanoadditives in differ-
ent hosts. Among them, the major challenger to graphene is carbon nanotubes
(CNTs) due to their enhanced properties similar to that of the former. This material
marketed much before graphene is better understood as a result of many decades of
intense research. Thus, despite the advantages that graphene materials have due to
their multifunctionality, it appears that many other composites will be competing
with them in the market for at least a few more decades. Thus, for graphene-based

Figure 18.3. 2D materials composites and their applications. Adapted from [11].

Recent Advances in Graphene and Graphene-Based Technologies

18-8



materials to dominate the market, a clear advantage compared to the competing
materials should exist.

Another important challenge is the sourcing of materials which is subject to
significant restrictions. Currently, the immense need for graphene marketization is
not fully met due to the limited volume production. This is one of the biggest
challenges for the graphene industry and it should be overcome. Along with that,
standardized testing and quality control are crucial. It is also important to have a
second source or supplier to provide the material of the same quality. Finally, a
material can only be quickly adopted if it can be easily incorporated into the current
production processes, and requirement of new equipment would substantially delay
the implementation.

18.4.1.4 Challenges: outlook
One of the major challenges associated with the marketization of graphene-based
products is that although enhanced properties such as higher Young’s modulus,
better thermal and electrical conductivities etc are demonstrated for them in the lab,
they are not properly studied or tested for various environments and scales
suitable for the desired applications (figure 18.2). There are other issues such as
mutually conflicting changes in properties leading to a deteriorated overall perform-
ance. For instance, in certain composites, while the mechanical strength increases,
their elongation and energy absorption before breaking diminish, which is bad for
impact performance. It is important to determine which 2D material combination/
configuration along with filler concentration and host gives the maximum perform-
ance for the desired application. A comparison of the cost and performance of these
2D materials-based products against those of their market rivals is essential based on
which systematic improvements can be made to enable market domination.

Figure 18.4. (a) Number of publications containing the phrase graphene/2D material composite from 2007,
Source: Web of Science. (b) Number of patents containing the phrase graphene/2D material composites from
2007, source: Google Patents.
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The early products only encourage the use of graphene in a few simple specialized
applications, which can only be viewed as a foreshadowing of what is to come in the
following years.

18.4.2 Barriers and coatings

18.4.2.1 Introduction
Barriers and coatings are integral to the human civilization from its earliest stages.
The main application of coatings through the ages has been in the protection and
decoration of materials. The advancement of human civilization has further
broadened their use. The excellent impermeable nature of graphene stems from its
unique atomic structure coupled with robust mechanical strength comparable to
steel, and is an enabling factor in designing anti-corrosion coatings and barrier films.
In general, the preference for graphene and graphene-based materials is due to their
immense scope to provide multifunctional properties in coatings in addition to their
atomic thickness, flexibility, and chemical inertness. 2D materials are usually
incorporated into a binder and can be applied as single- to few-layers large sheets
or as flakes/platelets in paints or inks. Though application of paints/coatings in
which the 2D materials are in single/few-layers form is more advantageous, it is
difficult to mass produce. On the other hand, incorporation of 2D material in paints/
coating as flakes/platelets is easily achieved. Though not to the extent of single/few-
layer flakes, such type of incorporation of 2D material also achieves some interesting
properties. In particular, the high mechanical stability of graphene can boost the
surface coating’s wear resistance, which, along with the high thermal and electrical
conductivity, may be advantageous in some applications. Though the intrinsic
properties of graphene promise high performance, realization of these properties in
real-world applications is difficult. Such as for application in paint, basic techno-
logical aspects like achieving single-layer dispersion or possible interface interactions
between polymers and 2D sheets might prove detrimental. These aspects still need to
be studied in detail for better understanding in order to unlock the huge promise and
realization of the full potential of 2D materials in such applications. Keeping in
mind the complexity and diversity of modern coating systems, graphene and related
2D materials might find their application in improving specific functions and
replacing conventional layers in a coating stack. The interest in graphene and other
2D materials in the coating industry can be extremely enhanced when the technology
to replace the function of several layers of polymeric materials can be reliably done
with few-layer thick 2D material paint. This will not only reduce overall material
consumption by replacing several polymer layers with a single layer of 2D material-
based coating but will also decrease effort and time necessary in such processes. In
addition to replacing functionalities of polymeric layers, graphene and other 2D
materials have also other interesting properties that are not commonly found in
organic polymers such as electromagnetic properties, which can be used to tune the
transparency or UV blocking of the coating. Potentially interesting fields include
electroactive coatings, such as the ones used for electrochromic applications, where
2D inks might offer an intriguing option. Additionally, tunable surfaces are
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conceivable, such as transparent coatings with tunable wettability and electrical
conductivity. The versatility increases with the ability to build multilayer structures
using various 2D materials.

If we consider graphene/GRM-based coating as a topic, the number of research
articles and patent applications that contain the phrases graphene and coating are
increasing each year showing increasing interest in this area (figure 18.5).

18.4.2.2 Market opportunities
Major industries experience significant financial losses due to corrosion. In the Asia
Pacific area alone, the market for coatings and paints was anticipated to be greater
than USD 70 billion in 2020 and is projected to reach USD 100 billion in 2028 [19].
The global market for anti-corrosion coatings alone will top USD 20 billion by 2027
[20], with Asia accounting for the majority of sales, followed by the US and Europe.
Construction, aerospace, automotive, oil and gas, and marine industries are
supposed to be the largest markets for anti-corrosion coatings.

Due to its unique characteristics, graphene is explored as an additive or pigment
in coatings. By fine tuning the properties these coatings can be used for a plethora of
applications. Utilizing the material’s hydrophobicity [21], the substrate surface can
be endowed with self-cleaning, antibacterial [22], and anti-biofouling [23] capabil-
ities. If adequate orientation and density of the particles are attained during the
coating process, it can build up superior barrier layers because of its chemical
inertness and high aspect ratio. Furthermore, it has been demonstrated that GO,
when applied directly to metal substrates, may effectively reduce the oxygen
permeability of polyethyleneimine [24], provide a water vapour barrier, or function
as an anti-corrosion coating [25]. Thus due to the large range of potential uses these
coatings have, the market opportunities for graphene-based coatings continue to be
enormous.

Figure 18.5. (a) Number of publications containing the phrase graphene/2D material surface and coatings
from 2007, Source: Web of Science. (b) Number of patents containing the phrase graphene/2D material
coatings/barriers from 2007, source: Google Patents.
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18.4.2.3 Market threats
In most coating applications, the 2D materials are either applied as sheets that are
single/multi-layered/flakes in paints or as inks that are typically mixed with a binder.
The first method helps to achieve better functionality, yet is expensive and tricky.
The biggest issue is that it is not suitable for mass production. The second method on
the other hand is simple and less costly, yet limited by low transparency. Apart from
these complex choices, the incoherent reporting of the properties of graphene-based
coatings also remains a threat to marketing. For example, while there are reports
hailing the exceptionally good anti-corrosion properties of graphene [26] some other
reports contradict these [27]. Such conflicting results might be a result of different
forms of graphene with poor specifications, low quality and inconsistencies in
parameters like size, shape etc being sold in market, which is one of the greatest
challenges associated with graphene supply. A large difference in the observed
properties in this context appears less surprising because it adds another level of
complexity to estimating true corrosion protection characteristics of graphene when
combined with various application concepts, non-optimized substrate materials, and
testing conditions.

For virtually all coatings, resistance to wear and scratching is necessary. It is
necessary to demonstrate this mechanical stability under strain and over time for
graphene-based coatings to be commercially feasible. The wear and scratch
resistance must also be tested in different environments where the coating would
be employed. Studying the interaction of coating with various substrates must be
studied to prevent delamination as some coatings would not be compatible with
certain substrates. These are important attributes to be specified once the coating is
in the market.

18.4.2.4 Outlook
2D material-based coatings and paints cover a major variety of potential applica-
tions of graphene and other 2D materials. Especially regarding graphene, there have
been many early adopters for its use in paints and as coatings. However, the cost/
benefit trade-off is a huge barrier to achieve the potential of 2D materials in coatings
and paints. There is often an additional barrier to adopt new technologies like
graphene in a market that is already matured with established coating materials. To
have graphene and other 2D materials lead the market, several challenges such as
cost/benefit, reproducibility and quality of coatings, reliability, and wear, environ-
mental, health and safety concerns need to be addressed.

18.4.3 Membranes for separations and water treatment

18.4.3.1 Introduction
Membranes play a crucial role in human civilization. Their importance is rising day
by day fueled by current needs and demands of energy efficiency, environmental
needs, and water scarcity. Membrane-based separation techniques are very useful in
chemical industries for economical as well as environmental reasons. Chemical
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separations account for about half of US industrial energy expenditure and
10%–15% of total energy expenditure of the country [28, 29]. Membrane-
based separation techniques that do not require heat can save up to 90% of costs
involved in distillation-based separations, which constitute a major part of the
separation process, in turn saving 80% of total energy consumption for separation
processes [29].

On the other hand, water scarcity is one of the most urgent challenges to be
addressed because of worldwide shortage of clean drinking water. At present the
most efficient membrane-based high performance water treatment technologies
involve polymer-based reverse osmosis, micro/ultra/nanofiltration, membrane dis-
tillation and electrodialysis. However, all these areas suffer from several drawbacks
such as membrane fouling, over scaling, high operation and investment costs.
Research exploration has significantly advanced the membrane technology for such
purposes, but over time the more stringent regulation for emerging organic
contaminants in the water makes implementation challenging. Graphene and related
2D materials (GRMs) can provide a valid solution for such challenges [30]. Such
materials possess some of the most desirable properties in membrane technology,
such as mechanical strength, low dimensionality, chemical inertness, tunable
porosity and hydrophilicity, chemical versatility and antimicrobial properties. In
general, combining these properties gives 2D materials even further flexibility in
mitigating the issues commonly encountered in polymer-based membrane solutions.
The ability to functionalize GRMs offers an additional handle to tune their
properties to our specific purposes. There is considerable industrial interest in tuning
the hydrophilicity and hydrophobicity of water filtration membranes where func-
tionalized GRMs can offer an attractive alternative.

Tunable properties of GRMs also lend themselves nicely towards removal of
emerging contaminants, micropollutants, antibiotic resistive bacteria and process
chemicals. GRM- based membrane solutions can be coupled with existing
membrane modules for extra functionality. Graphene-based coatings can turn
an ultra- or microfiltration membrane to nanofiltration membranes due to their
restricted interlayer space. GRM-based filtration techniques can also be adapted to
work for emerging needs in separation processes such as rejection of specific
inorganic materials such as Pb or Hg or organic materials such as hormones. The
compelling advantages of GRM-based membranes are unveiled from the growing
number of publications and patent reports (figure 18.6), but their transition to the
commercial sector is rather slow due to rivaling mature polymer-based
membranes.

18.4.3.2 Opportunities
The desalination technology market is estimated to grow at a compound annual
growth rate (CAGR) of 9.5% until 2028 [31]. The estimated number of operational
desalination plants around the world are more than 15 000 supplying more than
90 million m3 of water daily [32]. Africa and the Middle East are the regions where
the most significant growth for desalination was observed as these areas contain
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nearly half the desalination plants in the world. Other growth markets are the US,
Latin America, and India [33]. In addition to desalination, there are regions where
the freshwater available is highly contaminated and requires further purification
steps before it can be available for drinking. The reduction of microbe levels and
other pollutants are an integral part of water treatment.

Another potential market for GRM-related application is separation of indus-
trially relevant compounds. About 10%–15% of the energy used worldwide is used in
industrial separation operations. If applied to the US petroleum, chemical, and
paper manufacturing industries only, methods to purify chemicals that are more
energy-efficient might reduce annual carbon dioxide emissions by 100 million tonnes
and energy costs by US$4 billion [34]. Other techniques might allow for the
exploitation of new materials sources, such as the removal of metals from seawater.
The global filtration and separation market, which was valued at USD 89 072.0
million in 2018, is anticipated to increase at a CAGR of 3.3% from 2019 to 2026 to
reach USD 116 123.0 million [35].

18.4.3.3 Challenges
One of the major challenges for the successful application of membranes based on
2D materials is the demand to establish their durability. Enhanced durability and
low maintenance are essential features for a new technology to become acceptable in
the market. However, despite rapid testing, one will typically utilize technology in a
conservative industry that has already proven to be reliable in practical applications.
Currently, the low price of fossil fuels has also reduced the demand for lesser energy
consumption technologies.

One of the most important applications of membranes, the desalination also
presents certain challenges for 2D material-based membranes. Reverse osmosis is
currently the most popular and cost-efficient desalination technology. There are also

Figure 18.6. (a) Number of publications containing the phrase graphene/2D material membranes from 2007,
Source: Web of Science. (b) Number of patents containing the phrase graphene/2D material membranes from
2007, source: Google Patents.
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a number of older thermal desalination-based units. Other recently developed
materials with potential features include thin film composites, silver nanoparticles,
silica and carbon nanotubes. For capturing the market, there must be obvious
advantages of 2D materials over these technologies and the current state of the art in
terms of usefulness or performance. Application of 2D material membranes for
pollution removal from freshwater also faces challenges because of strict cost
constraints and requirements for durability and health and safety.

18.4.3.4 Outlook
If the area of graphene/2D materials as/in membranes is seen as a promising topic
and is further pushed towards real-world application, the following potential
actions, derived from the challenges, are suggested:

(a) The membranes should clearly show on par/improved performance from
the state of the art in experimental condition.

(b) Develop scalable manufacturing concepts and compatible form factors such
as hollow fibre for reverse osmosis (RO) applications.

(c) Address functionalization to improve selectivity.
(d) For freshwater purification, address the concerns for health and safety.
(e) Show improved performance/clearly demonstrate advantages over other

competing emerging technologies.

Membranes for separation are increasingly important for purification of gases or
liquids in an industrial process. 2D materials can be used for this in a variety of
ways, either as a perforated membrane on their own or as an additive or coating for
regular polymer membranes. In terms of membranes made from 2D material sheets
with pores, the maturity is still rather low, however, the theoretical potential is
promising. This idea has seen some industrial attention e.g., Lockheed Martin [36].
As an additive or coating to existing membranes, GRMs are easy to integrate and
more mature. It has been shown that the additives improve mechanical stability,
anti-fouling, and water permeability. Most essential, environmental, health, and
safety issues must be addressed and verify before using water filtration methods.
Market-wise, it is anticipated that there would be a rise in the need for producing
drinking water and purifying gases or liquids.

18.4.4 Photocatalytic applications

18.4.4.1 Introduction
Photocatalysts hold the prospects to address some of the global challenges that the
world faces today, including clean water and green energy. Photocatalysis involves
light absorption by the semiconductor and generation and separation of excited
carriers before they recombine to generate free radicals. However, the poor
conductivity of the semiconductor material and abundance of recombination centers
(defect) in them result in low photocatalytic efficiency. Graphene is considered as
one of the best suited co-catalysts to improve the photocatalytic performance of the
traditional semiconductors such as TiO2, ZnO, CdS, ZnS etc. Incorporation of
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graphene significantly enhances the photocatalytic properties due to the improved
conductivity and surface area of the composite material. However, there are several
challenges still existing that are primarily linked to material quality. A more detailed
description of advantages and challenges of graphene-based photocatalysts is
presented in the following sections.

18.4.4.2 Opportunities
With the emergence of 2D materials, the art of engineering catalytically active
materials has passed several performance milestones including highest total turnover
frequency for a noble-metal-free catalyst [37], higher catalytic oxygen evolution than
Ir-based noble-metal catalysts [38], about 2.4 times higher mass activities than that
the benchmarking IrO2 electrocatalysts [39] and exceptionally low onset over-
potential in oxygen evolution reaction (OER) performance [40]. A race to define
novel catalytic functions using 2D heterostructure materials with their precisely
tuned intergalleries has begun [41, 42] and with the expanding library, 2D and their
heterostructure-based materials offers innovative solutions to surpass the current
technology bottlenecks in catalysis. For example the ‘carbon monoxide poisoning’
issue in fuels cells can be potentially alleviated by inclusion of a graphene layer on Pt
(111) surface [43]. In photocatalytic applications, TiO2 is conventionally used as a
material for designing photocatalytic self-cleaning surfaces and air purifications.
With tunable optoelectronic properties of 2D materials and their superlattices, they
can function as superior photocatalytic enhancer as evidenced in the case of a
graphene-incorporated TiO2 system where the composite material is capable of
absorbing light from the entire visible region and thereby overcoming the funda-
mental limitations on requirement of UV light sources of traditional TiO2-based
photocatalytic coatings [44–46] and realize self-cleaning or air-cleaning cementitious
coatings for indoor applications. A major limitation of current photocatalytic
disinfections coating is their relative inactivity in darkness [47]. As a prospective
solution, wavelength independent absorption properties of graphene are also being
extensively explored to design photocatalytic applications at mid-infrared wave-
lengths [48–50]. In photocatalytic H2/O2 production, beyond enhancing the perform-
ance of existing photocatalysts such as nitrogen-doped Sr2Ta2O7 [51] and CdS [52],
graphene-based materials are currently being explored towards the development of
metal-free polymer by combining them with graphitic-carbon nitride [53–55], carbon
super nitrides [56, 57] and BiVO4 [58, 59]. The field is evolving at a rapid pace and
graphene is focused as a standard additive in many photocatalytic applications that
are being developed in scientific research.

18.4.4.3 Challenges
Commercial applications using graphene-enhanced photocatalytic coatings are yet
to be demonstrated, due to technological barriers such as maintaining the homoge-
neous dispersion of graphene in graphene/TiO2 composite materials, reliability and
durability issues and high material cost of graphene (~100–700 €/kg). An engineering
campaign to reform the current preparation technologies to improve the dispersion
of graphene in various semiconductors and develop standards for testing
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photocatalytic performance are required as the way ahead for commercializing the
potential of graphene and 2D materials-based photocatalytic enhancers. Besides,
there is an immediate warrant to develop new methods to produce 2D materials with
controllable size, layer, edge structure, heteroatom dopants and chemistry to identify
their true potential. Another prevalent issue is lack of knowledge about the role of
functional groups in controlling the n and p type character in graphene derivatives
and role of various defects in graphene acting as charge recombination centers [60,
61]. For enabling long-term photocatalytic operations, it is also important to fully
unveil the interface properties of oxide-semiconductor/graphene to understand the
temporal variations such as interface carbon doping [62–64], structural changes in
graphene [65, 66] in the composites etc. Nevertheless, in situ characterization
techniques to probe the mechanism of catalysis and accurate theoretical models to
carry out calculations at realistic conditions are needed to improve material
reliability and drive the technologies towards commercialization.

18.4.4.4 Outlook
A facile way to step up the photocatalytic properties of graphene is via stacking or
sandwiching them with other 2D materials where the charge transfer between the
individual layers leads to enhanced surface chemical reactivity which is governed by
the whole stack [67, 68]. Stacking also modifies their work function [69] and offers
formidable solutions to define new hole and electron collection layers for photo-
generated carriers. An alternate to approach to achieve the same feet is via
intercalating the interlayers of graphene with 2D arrangement of metal atoms [70]
or clusters [71, 72], leading to graphene superlattices with tunable electronic
properties. Similarly, utilizing the surface charge of graphene or other 2D materials,
one could create a superlattice containing alternate layers of positive and negatively
charged 2D sheets via their self-assembly, as demonstrated in the case of graphene
oxide and titanium oxide [73]. There are believed to be numerous opportunities in
the design space for novel photocatalytic materials by combining 2D materials, 2D
metals and 2D metal oxides from the vast family of layered [67] and covalently
bonded 2D materials [74, 75] that are yet to be explored.

18.4.5 Beyond CMOS and spintronics applications

18.4.5.1 Introduction
With the continuing miniaturization of CMOS devices, there is an urgent demand
for materials that can function as superior interconnects, ultrathin barrier layers, in
heat removal components and atomically thin gate insulators [76]. As the number of
transistors in microchips has doubled every year, the interconnect technology in
chips becomes more and more compact, leading to inexorable issues such as strong
increase in resistance and electromigration. As the interconnects currently account
for the major share of power consumption in ICs and due to the growing demand for
3D integration of electrical components, novel material solutions for improved
interconnect technology are inevitable soon. Similarly, there is pressing need for
materials with superior diffusion barriers properties at ultra-scaled dimensions to

Recent Advances in Graphene and Graphene-Based Technologies

18-17



function as barrier layers to prevent the diffusion of copper into dielectric layers of
the transistors [77]. Currently, TaN/Ta-based diffusion barriers are employed in IC
chips that are more resistive than Cu and occupy ~35% of the interconnect cross-
section area. Thus, the current-carrying cross-sections of the interconnects are
effectively reduced. It is also important to keep the TaN-based diffusion barrier
thickness to ~3–4 nm to preserve the reliable diffusion barrier properties [78]. These
limitations present a major bottleneck in continual scaling of interconnects in future
generation technology nodes. An equally demanding sector that requires urgent
material innovation is in the case of thermal interface materials (TIMs), which act as
a conduction path between a heat generating device (e.g., transistors) and heat
dissipating device (heat sinks) in circuits. Over 50% of energy consumption of global
data centers is attributed to cooling the electronic components [79]. Two essential
requirements of TIMs are high thermal conductivity (κ) that minimize the thermal
resistance and low elastic modulus (E) which ensures good thermal contact area by
effectively filling the air gaps under compression. Current commercial TIMs suffer
from their low κ of ~1–10 W m−2 or high E of ~1 GPa [80, 81]. Structured carbon
layers are extensively investigated as a next-generation technology for TIMs due to
their low thermal resistance and excellent mechanical flexibilities [82, 83] and
graphene-based 2D materials are expected to take the lead in future carbon-based
TIMs.

Materials-based innovations in spintronics are also actively pursued to push the
limits of future memory technology where tunnel barriers are an important building
block of magnetic tunnel junctions (MTJs). Key issues with performance improve-
ment in magnetic storage devices are challenges associated with scaling the thickness
of oxide-based tunnel barriers, preserving the interface quality of ferromagnetic
(FM) electrodes and oxide tunnel barrier layers and undesirable elemental diffusion
across the tunnel junctions [84–86]. Incorporating atomically thin 2D layers evolved
as a viable strategy to overcome these limitations and graphene-based channels with
their longest spin diffusion lengths and high breakdown current capacity [87, 88] are
expected to play a major role in future all-spin logic devices (ASLD) [89]. Magnetic
devices where the barrier layers are sandwiched between ferromagnetic electrodes
requires stringent control on the interface resistance to achieve 100% spin injection
goal. The family of 2D materials offers a diverse spectrum of materials such as 2D
ferromagnetic materials, 2D tunnel barriers, 2D spin transport channels with
countless options to realize 2D heterostructure of these materials to realize complex
spintronic and computing devices.

18.4.5.2 Opportunities
High conductivity and superior barrier properties of atomically thin graphene layers
makes them an ideal fit to reform the future interconnect technology. Multilayer
graphene holds great promise as CMOS interconnects with its superior current-
carrying capacity and electromigration resistance [90–93]. Multilayer graphene
interconnects with low resistivity via intercalation doping have shown to outperform
the cobalt and ruthenium interconnects technology alternate to copper-based
interconnects, and circuits with doped graphene interconnects operate with a
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4× smaller delay than these metal-based interconnects at sub 20 nm line widths [91].
It is also shown via modelling that replacing copper with multilayer graphene can
improve the operation of the processor cores with 9% higher speed or 16% less
energy consumption and twice longer electromigration lifetime [92]. Graphene-
based materials can play a vital role as diffusion barriers in circuits with their
impenetrable ideal barrier energy of 30.6 eV [65] to prevent the diffusion of copper
into active device components. Large-grain single-layer graphene and 1 nm
graphene tri-layers have already proved superior to 2 nm TaN-based current
state-of-the-art diffusion barriers [94, 95]. More importantly, 1 nm thick rGO layers
are shown to retain their Cu diffusion barrier property under a thermal budget of
400 °C, which is sufficient for the back-end-of-line (BEOL) process [96] and offers
robust adhesion to copper layers. Multilayer graphene and single-layer graphene
offers resistivities (<100 μΩ cm) much less than 2–4 nm TaN layers (260–290 μΩ cm)
is another major advantage in realizing ultrathin 2D materials-based diffusion
barriers [95].

Graphene-based materials are attractive for thermal management systems in
integrated circuits and 3D system-in-package chips owing to their excellent heat
conduction properties stem from their unique sp2 bonding, providing an efficient
heat transfer by lattice vibrations [97, 98]. Currently, thermal interface properties of
graphene are investigated by mainly incorporating graphene in polymer epoxy
matrix [99–101]. Orientation of the graphene laminates in the polymer matrix is
shown to have decisive role in governing the overall thermal conductivity of the
composite. A number of strategies such as magnetic field directed assembly of
magnetic nanoparticle anchored graphene [102], use of substantially thinner TIMs
such as ‘paper TIMS’ [99–105], grafting graphene to polymer molecules such as
polymethyl methacrylate and using them as fillers in epoxy matrix [106, 107] and by
binding metal nanoparticles to graphene platelets to prevent their agglomeration
[108] are used to improve the thermal dissipation properties of graphene. Proof of
concept applications with graphene serving as heat spreader are demonstrated in
gallium nitride transistors operating at 13 W mm−1 where the hotspot temperature
was reduced by 20 °C [109] and numerical modelling revealed that in silicon on-
insulator (SOI) structures by employing graphene heat sinks, the hotspot temper-
ature is reduced by 70 K [110]. Recent demonstration of graphene-based TIMs with
enhanced through-plane thermal conductivity of 143 W m−1 K−1, exceeding that of
many metals, and a low compressive modulus of 0.87 MPa, comparable to that of
silicone, offers formidable solutions to realize next-generation graphene-based TIMs
[111]. Currently, graphene-based thermal interface technology is commercially
implemented in Huawei’s Mate 20 and P30 Pro mobile phones [112] and is expected
to play a major role in advanced circuits for the 5G era.

The ability to propagate electron spin information over tens of micrometer
distance at room temperature stems from the weak spin–orbit coupling in graphene
and presents a remarkable potential for commercial realization [113, 114]. Inducing
a strong spin–orbit coupling via forming a heterostructure with other 2D materials
and manipulating the spin using applied electric fields [115–117] is also an equally
compelling functionality. Novel designs to manipulate the spin injection properties
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of these heterostructure devices can be realized by inserting a hexagonal boron
nitride (h-BN) as tunnel barrier [118, 119]. Spin-filter magnetic tunnel junctions (sf-
MTJs) based on van der Waals (vdW) heterostructure composed of graphene
contacts and atomically thin four-layer chromium triiodide (CrI3) revealed their
remarkable potential for novel device options with an order of magnitude higher
tunnelling magnetoresistance (TMR) than conventional MgO-based MTJs [120].
MTJs have paved the way for spin-transfer-torque magnetic random-access mem-
ories (STT-MRAM) that are already commercialized by Everspin [121]. As a next
level of innovation, the writing efficiency and energy consumption of STT-MRAM
can be significantly improved via introducing a perpendicular magnetic anisotropy
(PMA) in ferromagnetic layers, and it is shown that graphene can dramatically
enhance the PMA in ferromagnetic/graphene heterostructures [122]. To improve the
performance gap in terms of high intrinsic energy consumption and delay in STT-
RAM, spin Hall effect MRAMs (SHE-MRAMs) are also proposed where a charge
current flowing in the spin Hall layer in contact with a recording magnetic layer
exerts a spin torque on the recording layer [123–125]. To realize such ultra-compact
memory devices, graphene-based heterostructure devices exhibit great scientific
potential in the light of recent demonstration of room temperature gate-tunable
spin-to-charge interconversion driven by SHE [126, 127].

18.4.5.3 Challenges
Prevalent edge scattering at scaled dimensions (~20 nm) and finite bandgap in
nanoribbons have limited the conductivity of multilayer (ML) graphene intercon-
nects [128, 129] and this diminishes their advantage as energy-efficient interconnects.
The high CVD growth temperature of graphene of ~1000°C required to thermally
dissociate the precursor molecules is incompatible with BEOL interconnect tech-
nologies [90]. The adhesion strength of graphene with interconnect materials such as
copper is another major concern as a strong adhesion is vital to survive the harsh
chemical–mechanical–polishing steps in chip fabrication stages to remove the
unwanted copper in circuits. To be fully compatible with state-of-the-art BEOL
technology, it is essential to develop the CVD growth of graphene directly on
dielectric layers, while CVD growth of graphene is currently achieved on metal
seeding layers that involves demanding wet etching and transfer steps, posing
additional challenges to wafer-scale BEOL process. Moreover, the growth quality
of graphene is highly dependent on the single-crystalline quality of metal substrate to
avoid grain boundaries [130, 131] that primarily act as diffusion paths for Cu.
Moreover, the incumbent technologies such as metal alloys for diffusion barrier
applications or CMOS compatibility of Cu in interconnect technology present a
significant entry barrier for graphene-based materials in CMOS related applications.
There need to be a clear benefit in terms of performance or cost efficiency of
graphene-based interconnects, that is yet to be demonstrated.

Despite their excellent in-plane thermal conductivities, another major hurdle in
the widespread commercial uptake of graphene-based laminates/papers in thermal
interface applications is their comparable though-plane thermal conductivity with
their commercial counterparts due to their Van der Waals arrangement [132].
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Besides, several factors such as the small flake size, high degree of structural defects,
residual oxygen content, random orientation of individual flakes etc associated with
industrial scale liquid exfoliation and self-assembly routes to graphene-based films
are found to dramatically affect their thermal conductivities and elastic properties
[133]. To further improve the through-plane conductivity, vertically aligned gra-
phene platelets were demonstrated with superior though-plane thermal conductivity
(615 W m−1 K−1), however, their significantly high compressive modulus (~0.5 GPa)
presents high contact thermal resistance in thermal interface applications [134]. Use
of graphene as filler molecules in epoxy resins is also fraught with challenges such as
lack of control of orientation of flakes in the matrix resulting in high thermal contact
resistance between fillers [135], undesirable increase in electrical conductivity at high
filler loadings [136] and poor thermal conductivity of polymer host matrices
requiring high concentration of filler materials etc. Moreover, a direct growth of
semiconductor layers for power or optoelectronic devices such as GaN or GaAs
needs to be realized on graphene to function as heat spreaders which is a major
challenge due to chemical inertness of graphene [137].

A major requirement to realize commercial spintronic applications of graphene is
highly reproducible strategies to manufacture electronic quality graphene. For
precise interface engineering using 2D heterostructure, CMOS compatible deposi-
tion and batch fabrication techniques are yet to be developed. Several discrepancies
exist between theoretical predictions and experimental results in the case of spin
relaxation time, energy dissipation in 2D materials, which indicates lack of accurate
theoretical models [138, 139]. Another impediment is in the case of realizing pin-hole
and surface state free metal-oxide barrier layers on graphene to enable spin injection
and detection applications [139, 140]. Encapsulation of graphene using h-BN to
improve the interface quality resulted in only a marginal improvement due to
incomplete shielding of the polymer residues in fabrication stages by thin h-BN
layers causing spin scattering in graphene [141]. Besides, magnetic 2D materials with
high Curie temperature are still underdeveloped [142] and spin Hall conductivity of
proximitized graphene often decays with temperature [126, 143].

18.4.5.4 Outlook
For the continual device scaling, along with next-generation semiconductors/device
geometries, it is essential to have a significant innovation in interconnect materials.
The diminishing advantages of graphene nanoribbon due to edge scattering problems
can be addressed using intercalation doping in nanoribbons and doped graphene
interconnects with superior performance and reliability over current copper-based
interconnect technology is already demonstrated [144]. The current-carrying capacities
of these doped graphene interconnects can be further improved by depositing on high
thermal conductivity dielectrics, like hexagonal boron nitrides [144]. Catalyzed edge
annealing on Cu(111) substrate [145], controlled hydrogen plasma etching [146] and
growth of graphene nanoribbons in pre-patterned h-BN trenches with precise zig-zag
edges [147, 148] are developed as promising strategies to improve the edge structure of
graphene ribbons. A recently unveiled vdW doping strategy of graphene using
monolayer tungsten oxyselenide offers ultra-clean doping strategies to achieve sheet
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resistance below 50 Ω sq−1 [149]. Towards BEOL, compatible plasma enhanced CVD
(PECVD)-based synthesis methods for electronic quality graphene are also being
developed with carrier mobility as high as 9000 cm2 V−1 s−1 for graphene synthesized
on AuNi using acetylene at 600 °C [150] and growth of graphene on dielectric
substrates was also realized with career mobility in the range 550–1600 cm2 V−1 s−1

[151]. A foremost requirement in developing superior diffusion barrier layers using
ultrathin graphene layers is to establish a grain-boundary-free growth of graphene. A
promising CVD growth method for single-crystal graphene layers exceeding the size
of 1.5 inch by using local carbon precursor feeding on optimized Cu85Ni15 alloy
substrates [152] and large-area fold-free single-crystal graphene via tuning the growth
temperature [153] has recently been demonstrated. Research data on the barrier
properties of these defect-free single-crystalline 2D layers via time-dependent dielectric
breakdown tests [154, 155] need to be developed to bench mark their performance.
These developments in terms of BEOL-compatible low temperature growth, strategies
to tune the edge structures and intercalation doping methods to improve the break-
down characteristics may drive the technology towards commercial level implemen-
tation of graphene-based interconnects for continual device scaling.

Commercial graphene-based thermal interface pads are now produced by several
manufacturers including Smart High Tech AB [156] and Incubation alliance Inc. [157].
Graphene monolith TIMs exhibit best performance in terms of their high thermal
conductivity, while graphene–polymer composite TIMs offer best processability, but
suffer from their low thermal conductance. To improve their reliability and heat radiation
properties, the influence of binders or alignment promoters used in the matrix need to be
assessed before developing their commercial applications. Rapid progress in the synthesis
methods for high quality graphene materials may improve the though-plane thermal
conductivity bottleneck of graphene-based TIMs. It is also of paramount importance to
optimize the contact thermal resistance and elastic modulus of the graphene-based TIMs
to enable their widespread applicability in commercial heat spreaders.

The future developments in graphene-based MTJs will depend on realizing the
best combination of vdW materials with graphene and their direct growth on
ferromagnetic contacts. Several factors need to be addressed towards this goal such
as chemical state and crystallinity of FM, conductivity mismatch between FM and
graphene channels, 2D materials thickness or functionalization and effect of
intercalation of FM at 2D material interfaces, etc. Novel ferromagnetic materials
with high Tc well over room temperature [142] and voltage control of the spin–orbit
coupling in 2D FMs that forms magnetic and spin valves with graphene layers may
open up additional spintronic opportunities [158, 159]. It is also predicted that a
device-consisting of a bilayer graphene sandwiched by a 2D ferromagnet and a 2D
transition metal dichalcogenide layer, called ‘ex-so-tic’ vdW heterostructure, is
capable of swapping the exchange and spin–orbit coupling in a single device [160]
and expected to play a key role in spintronics and quantum metrology. Realization
of super-clean interfaces with controllable interlayer twist between magnetic vdW
layers (twistronics) may also uncover countless options to tune the spin–orbit
coupling in graphene [161].
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18.4.6 Biomedical applications

18.4.6.1 Introduction
Extensive exploration of biomedical prospects of CNTs in the past decades
uncovered several potential application areas where graphene can be incorporated
and make transformative changes. Most of the clinical and pharmaceutical
applications of graphene were built on the experience with CNTs in biomedical
applications. However, the considerable advantages of graphene over CNTs such as
versatile functionalization options, planar structure and low-cost synthesis methods
etc are expected to result in rapid development in potential areas including
biosensors, drug delivery and biomolecule separation. Despite some developments
on assessing the biocompatibility of CNTs and graphene, these materials are still far
from obtaining regulatory approval to be used in clinical applications. However, the
fast-paced growth of graphene technology and demand of new materials in
biomedical research to improve the efficiency of sensors, therapies and diagnosis
methods maintains a huge interest in unlocking novel biomedical applications using
graphene. The following sections discuss their potential advantages, barriers to
overcome and their outlook.

18.4.6.2 Opportunities
The suitability of graphene in major commercial sectors of the biomedical industry
such as drugs and pharmaceuticals, medical devices and equipment and medical
research and testing has been widely explored over the past years [162–164]. The
intrinsic near infrared (NIR) absorption properties of graphene-based materials are
expected to be utilized in photodynamic (PD) and photothermal (PT) therapies in
cancer treatment [165, 166]. The remarkably high 1O2 generation efficiency of
graphene oxide will also be exploited in the development of simultaneous imaging
and perform in vivo PD therapy. Oxidation degree in graphene can be chemically or
thermally modified to tune the NIR absorption properties and distinct polar/non-
polar drug loading capacity can be achieved to design new treatment protocols.
Three-dimensional assemblies of graphene and polymers are most pursued in
nanomedicine as a multifunctional scaffold as substrate for the growth and differ-
entiation of cells, or as implants to replace tissues in living beings [167–169].

18.4.6.3 Challenges
One of the main outstanding challenges to tackle is the toxicity issues arising
primarily due to the incomplete removal of contaminants from the synthesis stage of
graphene-based materials. These contaminants are mainly toxic metal ions from
CVD growth/transfer process or from the modified Hummer’s process [170–173].
Moreover, safety issues related to local heating, inhomogeneous drug release
efficiency at changing pH conditions in the intracellular environments [174], lack
of assessment of their long-term toxicity and challenges with their recovery after the
targeted therapeutic treatments etc [163] pose major roadblocks for using them for
human clinical trials. Lack of understanding on the controllable functionalization
of graphene with biolinkers also limits their application in medical devices.
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Though antimicrobial activity of graphene is well-known [175, 176], there are
contradictory reports on the enhanced microbial growth in the presence of graphene
[177, 178], which means the antimicrobial properties strongly linked to experimental
conditions or material properties and detection mechanism on the antimicrobial
properties need to be further developed. Similarly, it is also important to apprehend
the haemolytic activity of hydrophilic graphene moieties that lead to thrombotox-
icity [179], which also seems to be strongly linked to material properties [180].

18.4.6.4 Outlook
As a primary step, industrial scale production capability of ‘bio-grade’ quality
graphene should be developed which is devoid of any heavy metal traces and other
harmful synthesis debris. Simultaneously, a clear understanding on the toxicological
and pharmacokinetic profiles of graphene [181] with different flake size, shape,
oxidation state, dispersion quality, concentration and the corresponding variations
in their physicochemical properties should also be developed and the critical
nanosafety criteria based on these clinical research outcomes should be constantly
updated. Enzyme-aided biodegradation of graphene [182] and enhanced biocompat-
ibility of graphene via surface functionalization [183, 184] open up possible avenues
to circumvent some of the challenges associated with cytotoxicity of graphene. A
coordinated effort by involving physicists, chemists, material and clinical scientists is
required to explore the biomedical potentials of graphene-based materials.

18.5 Standardization problems and new recommendations
A nagging challenge faced by graphene application development firms is ensuring a
steady and assured supply of graphene from manufacturers following stringent
quality control measures [173, 185–189]. As a next-generation material technology
propelled to address several grand challenges for society including clean water,
renewable energy, sustainable food processing and health care applications, lack of
adequate material quality for application development not only impedes the early
development of such applications, but at the same time poses a severe safety risk. As
per the definition provided by the International Organization for Standardization
(ISO), a stack of graphene crystals with more than ten layers at room temperature
(T ≈ 300 K) can be treated as bulk graphite [190]. A recent quality assessment study
performed using graphene samples from more than 60 suppliers across the globe
revealed that the quality of graphene produced is suboptimal to realize many of the
proposed applications and a final product containing at least 50% graphene content
is scarce [187]. Besides, the global market of graphene covers a wide range of
products such as graphene flakes, graphene oxide, rGO and graphene films. Each of
these product categories possess individual signature properties and exhibit signifi-
cant differences in their lateral size, thickness, defect density and material properties.
The structural features of these materials are also strongly linked to synthesis
procedures, making it challenging to source identical product quality across various
suppliers. These limitations in materials availability and quality have limited the
commercial applicability of graphene for niche applications such as composites,
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lubricants and coatings etc. To unlock the commercial potential of graphene in
diverse areas, it is of paramount importance to ensure the widespread availability of
high-quality graphene-based supplies. A firm footing towards this important
requirement is to establish a meticulous standardization scheme for graphene-based
supplies. To minimize the variability and improve the material quality, a new
international standard on measurement technology ‘ISO/TS 21356-1 Structural
characterization of graphene from powders and liquid dispersions’ has been
published [191]. This standard includes the measurement techniques required to
assess the quality of graphene material manufactured and provides a methodical
flow chart to enable the efficient decision making process and associated measurands
to be considered (figure 18.7). The European Union though its 1 Billion Euro science
initiative (Graphene flagship) has formed a graphene flagship standardization
committee (GFSC) and currently hosts more than 35 projects to form new guidelines
on nomenclature, metrology, characterization and quality control to graphene
suppliers and buyers [192]. National Physical laboratory of UK in participation
with University of Manchester has also published a guide using accepted metrology
to assess the quality of industrially supplied graphene samples [193]. To promote the
rapid commercialization of graphene, China has published a number of standards
for industries covering material measurements, methods, application and terminol-
ogy that are summarized in a recent short communication by Zhu et al [194]. With a
number of standards now globally available for graphene, it is also important to
establish coherent benchmarking criteria to help the supply chains to assess, design
and deliver reliable graphene products with minimum variability in performance to

Figure 18.7. A flow chart of the measurement techniques to assess the quality of graphene-based materials and
main material properties to be considered (based on ISO/TS 21356-1 published standard for graphene
suspensions/powders).
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end users. Such globally accepted standards are essential to eliminate the current
stumbling blocks in materials synthesis and characterization and drive the graphene-
based technology towards a fully-fledged commercialization. These efforts may form
the basis for a full ISO standard for graphene by 2025.

18.6 A roadmap for GRM technology
Ever since the first successful isolation of graphene in 2004, there have been rapid
developments in terms of understanding their physical properties, large-scale syn-
thesis, developing plethora of applications and integration into systems. Beyond
silicon, graphene meets the criteria as a legacy material to enable universal
applications with the caliber to make disruptive changes in various sectors of daily
life by its unmatched material properties, such as being transparent as plastic, but
seamlessly conducting heat and electricity, with superior flexibility and mechanical
strength, solution processability, highest carrier mobilities, high intrinsic capacitance
and specific surface area, photocatalytic effects, chiral superconductivity and
tunable spin–orbit coupling etc. The surge in graphene has led to the development
of several other 2D materials with metallic, semiconducting, and insulating proper-
ties. Combining graphene with this large family of 2D materials with tailored
properties may unveil a cornucopia of new applications and push the boundaries of
several existing technologies. Despite these superlatives, major hurdles in realizing
cost-effective material scale-up techniques while preserving material quality has
diminished the high expectations created by academic research. However, graphene
finds its way into our daily life via thriving sectors such as composites, plastics, anti-
corrosion coating and barrier films, thermal interface materials etc, where clear signs
of market adoptions by leaders in technology are evident [195]. Graphene is evolving
as an industrial material with flake production capacity exceeding thousands of
tonnes per year. As a guidance to potential stakeholders before the practical supply
chain begins, the Fraunhofer Graphene Roadmap Team as part of the European
graphene flagship programme has initiated an evolving technology and innovation
roadmap (TIR) for GRMs by compiling the latest status and prospects of GRM
industrialization [12].

The large corporation at original equipment manufacturers level in the supply
chain now plays only a passive role in the GRM industry as the market potential of
GRMs is still unclear due to outstanding challenges in cost, commoditized supply
and standardization. GRM suppliers hence struggle to scale up their production due
to the lack of market demand and thus funding. The fate of GRM commercializa-
tion is entangled in this dilemma and a coordinated effort between scientist and
application developers for validation, standardization and regulation process is
essential to keep up the momentum and facilitate the market penetration of new
products that have the potential to solve real-world problems. Moreover, as the
initial GRM products originate from SMEs or spin-offs, a trusted relationship and
information exchange between them is vital to be promoted to develop graphene as
an industrial material and uncover its realistic market potential. To clear the path
towards the development high reward applications (photovoltaics, spintronics,
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neural and biomedical sensors etc), the market share of the initial niche products
such as coatings, rubber/polymer composites, concrete etc should significantly step
up. Market leaders will eventually step in for large-scale commercialization of the
technology and established material suppliers may fill the gap between supply and
demand. The spintronics and biomedical applications of GRMs may be fully
developed by 2030 once the ISO standard is established along with commercial
supply of electronic and bio-grade graphene (figure 18.8). The rise of GRM
technology from these global efforts will lead us towards a way to use carbon in a
sustainable way and make several other technologies carbon neutral or negative.
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