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ABSTRACT: Carbon quantum dots (CQDs) represent a class of carbon materials exhibiting photoresponse and many potential
applications. Here, we present a unique property that dissolved CQDs capture large amounts of molecular oxygen from the air, the
quantity of which can be controlled by light irradiation. The O2 content can be varied between a remarkable 1 wt % of the CQDs in
the dark to nearly half of it under illumination, in a reversible manner. Moreover, O2 depletion enhances away from the air−solution
interface as the nearby CQDs quickly regain them from the air, creating a pronounced concentration gradient in the solution. We
elucidate the role of the CQD functional groups and show that excitons generated under light are responsible for their tunable
adsorbed-oxygen content. Because of O2 enrichment, the photocatalytic efficiency of the CQDs toward oxidation of benzylamines in
the air is the same as under oxygen flow and far higher than the existing photocatalysts. The findings should encourage the
development of a new class of oxygen-enricher materials and air as a sustainable oxidant in chemical transformations.

■ INTRODUCTION

Increasing the adsorption of reactant molecules on the surface
of a heterogeneous catalyst is necessary to attain high catalytic
efficiencies for chemical transformations and energy harvesting
applications. This is nonetheless rather difficult to achieve for
gases such as O2 having low solubility and diffusion rates in
solutions.1,2 Even though presaturation or continuous gas
purging can improve the reaction rates, the process becomes
expensive and unfriendly for the industry. Moreover, under
photocatalytic conditions, the adsorption−desorption equili-
brium of the gases on the catalyst surface may significantly vary
because of the modified electronic structure of the catalyst in
the presence of the photoexcited electrons and holes.3,4

However, the effect of light on the concentration of O2 or
other reactants on a catalyst surface has remained poorly
explored, hindering the development of highly active photo-
catalysts and the use of the ambient air as an inexpensive
oxidizing reagent.
Semiconducting carbon quantum dots (CQDs), comprised

of small functionalized graphene layers, are a class of light-
responsive materials with potential applications in photo-
catalysis, electrocatalysis, solar hydrogen generation, and also

biomedical diagnosis and therapeutic approaches where the
interactions of O2 and graphene play a central role.5−10

Recently, while developing a rational strategy for a residue-free,
large-scale production of carbon quantum dots using waste
plastic (PE-CQDs), we serendipitously observed that the
ability of water to dissolve and diffuse molecular oxygen
increases significantly in their presence.11 When a tiny PE-
CQD concentration of ∼0.1 wt % is used, the total oxygen
content (TO) measures double that of pure water (320 μM)
when the solution is exposed to air. The oxygen enrichment is
reversible, shuttling between 640 and 95 μM in the air and N2

atmosphere (Figure 1). It was further proposed that the O2

enrichment ought to result in extraordinarily high efficiency for
oxidation reactions while using PE-CQDs as photocatalysts,
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though these have primarily been utilized for photoreduction
reactions.12−16

The findings inspire several scientific inquiries that can lead
to molecular O2 or ambient air being used as a sustainable
oxidizing agent, such as the enrichment mechanism and the
nature of involvement of the functional groups on PE-CQDs in
oxygen enrichment. Moreover, because the PE-CQDs absorb
visible light to generate excitons that can interact with the
surface-adsorbed O2 (to form superoxide radical anions,
making the CQD transiently a positively charged entity) or
may accept electrons from reactants or solvent, it is also
essential to examine as to how and to what extent exposure to
light influences the oxygen enrichment properties.17−20 Past
theoretical studies on the interactions of oxygen with graphitic
carbon have revealed their bonding possibilities from the
hybridization of the O 2p orbitals and the bonding π orbital of
graphene, further tunable by the presence of defects and
surface functionalities.21−24 These studies, though, form the
basis of understanding oxygen enrichment in PE-CQDs and
have considered the carbon structures to be in a vacuum while
understanding the behavior of PE-CQDs in water requires the
consideration of a dielectric surrounding mimicking the
experimental design.
Herein, we present the origin of high oxygen adsorption on

the PE-CQDs and the extraordinary effect of light illumination
mimicking photocatalytic conditions on their O2 adsorption
properties. The TO value of its aqueous solution exhibits a
terse decrease in the presence of light from 640 to 540 μM due
to the desorption of O2. The variation in TO is reversible and
regains the original value once the illumination ceases. The rate
of TO depletion and the depleted saturation values are depth-
dependent due to the variations in the diffusion path length of
molecular O2 and CQDs from solution to air, yielding a
remarkable TO gradient of ∼4.5 μM/cm. Using density
functional theory, we show that the −CO and −OH groups are
responsible for stabilizing the O2 molecules on PE-CQDs in
the dark. However, if a PE-CQD acquires some charge under
photocatalytic conditions due to the interactions of excitons
with reactants, the O2 to PE-CQD binding further attunes so
that a fraction of the O2 molecules desorb from the surface. In
contrast, the binding of another fraction synergistically
improves in the vicinity of the −SO3H groups. By taking
photo-oxidation of benzylamine derivatives as an example, we

show that due to high oxygen content, the photocatalytic
oxidation ability of the PE-CQDs is remarkably higher in
ambient conditions and natural sunlight than the existing
photocatalysts, including those containing noble metals that
use harsh reaction conditions. The findings establish CQDs as
a molecular O2 enricher in solution, paving the way for air as a
sustainable oxidant in reactions.

■ EXPERIMENTAL SECTION
Materials and Methods. More details are described in Note S1

of the Supporting Information.
Synthesis of PE-CQDs. The PE-CQDs were prepared by

carbonization of polyethylene followed by its oxidation with
KMnO4 and H2O2 (for details see Note S1).11 Briefly, 1 g of
polyethylene (PE) was added to 60 mL of 18 M sulfuric acid and
refluxed at ∼150 °C for 1 h with constant stirring where the
transparent PE sheets turned black. KMnO4 solution (1 g in 20 mL of
water) was added dropwise to the reaction mixture, followed by 1.5
mL of H2O2, resulting in an orange-yellow solution of PE-CQDs. The
solution was allowed to cool to room temperature and diluted by
adding 60 mL of water. Thereafter, the PE-CQDs were repeatedly
extracted with ethyl acetate in a separating funnel. The PE-CQDs−
ethyl acetate solution was filtered through Na2SO4 to remove
moisture and then evaporated by using a rotary evaporator to obtain
the solid powder of PE-CQDs.

Measurement of Oxygen Content in the PE-CQD Solutions.
The total oxygen content (TO) in pure water and an aqueous
dispersion of PE-CQDs was measured at room temperature (25−27
°C) by using noninvasive an Ocean Optics Neofox-Kit-Probe.11,25 A
linear calibration plot was ascertained in the required measurement
range by using various (N2 + O2) gas mixtures. Prior to all
measurements, the oxygen sensing kit was calibrated by using a two-
point reading (20.9% O2 in air and 0% O2 in N2). 60 mL of water
containing 50 mg of the PE-CQDs (1 mg/1.2 mL) was taken in a 50
mL glass round-bottom flask (RBF, total capacity ∼65 mL). The
sensing patch was attached to the inner wall of the flask in such a way
that it was completely submerged in the solution. The RBF was left
open (neck radius 1.5 cm, opening area 7 cm2) so that the PE-CQD
solution was in contact with air to uptake O2 or release dissolved O2.
During the O2 desorption measurements, the solution was kept still
and N2 gas was bubbled through the solution at a constant flow rate of
60−70 sccm. When the TO value did not decrease any further under
the N2 flow, the flow was stopped, and the solution was then used to
measure oxygen uptake properties from the air. Under constant
stirring at 300 rpm for faster homogenization, the TO values of this
solution were recorded at regular intervals of time. The effect of light
illumination on TO was measured by exposing the same PE-CQD
solution to light of appropriate wavelength by using a Xe arc lamp
(400 W, Newport, and appropriate cutoff filters). The distance
between the RBF and Xe lamp was ∼60 cm. TO data were recorded
in 1, 3, or 5 min intervals depending on the rate of change. The
oxygen sensing patch was covered from light for ∼15 s before each
measurement. When the TO values reached a minimum in the
presence of light, the lamp was switched off, and the measurements
were continued until the initial TO value was reached. The variation
in data points is about 14−16 μM in the presence of light and 8−10
μM in the dark. Note that the variations in the TO values are stirring
rate and air−solution surface area dependent.11 Therefore, all
measurement conditions were kept constant throughout the measure-
ments.

Benzylamine Oxidation Using PE-CQDs. Selective photo-
oxidation reactions of benzylamine and its derivatives were performed
at room temperature (maintained at 32−33 °C with a water bath)
under the necessary atmospheres (air, O2, or N2) by using 0.5 mmol
of BA in an RBF containing 15 mg of PE-CQDs in 30 mL of
acetonitrile under either a Xe lamp (400 W, Newport attached with an
aqueous IR filter) or direct sunlight (details in Note S2 and Figure
S1). The yields of the benzylamine reactions were further confirmed
by measuring the weight of the crude product after separating the

Figure 1. Temporal variation of total oxygen content in an aqueous
solution of PE-CQDs (concentration ∼1 wt %) during purging with
nitrogen and subsequently during spontaneous oxygen uptake from
the air by the nitrogen-saturated solution. The shaded region refers to
the TO range similarly obtained in pure water.
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CQDs by centrifugation repeatedly by adding several batches of
acetonitrile. The isolated yield was obtained by using a neutral
alumina column and hexane + 1% ethyl acetate as mobile phase. Note
that the CQDs can be eluted by using methanol. Mineralization of the
reactant molecules during photocatalysis was estimated by measuring
CO and CO2 formation using gas chromatography (Shimadzu GC
2014, FID detector), and the same was found to correspond to <1%
of the reactants after 55 min of the reaction. The repeatability test was
performed by performing the photocatalytic reaction again in the
previously used solution by adding an equal amount of reactant
molecules. Nuclear magnetic resonance spectroscopy (400 MHz
Bruker Biospin Avance III FT-NMR spectrometer) was used to
analyze the products of the photocatalytic oxidation reactions (NMR
data are given in the Supporting Information).
Simulation Studies. Details are given in Note S3.

■ RESULTS AND DISCUSSION

The PE-CQDs form a transparent yellowish dispersion in
water, which is stable for over three years without any
remarkable changes in the properties. Transmission electron
microscopic (TEM) imaging of the sample shows that the
average size of the PE-CQDs is 8.5 nm, containing the
graphitic lattice planes (Figure 2a,b and Figure S2). These
contain C atoms attached to hydroxyl (−OH), carbonyl
(−CO), carboxyl (−COOH), and sulfonyl (−SO3H)
groups with a relative abundance in the range 8−15%.11 We
found that the Fourier transformed infrared (FT-IR) spectrum,
X-ray diffraction pattern, UV−vis absorption, and photo-
luminescence spectrum of the old PE-CQDs powder remain

similar to a fresh sample (Figure S3), suggesting their
chemically stable nature. Furthermore, the PE-CQDs are
soluble in many solvents such as water, methanol, ethanol,
ethyl acetate, acetonitrile, acetone, and isopropanol without
precipitation for months to make them potentially useful in
many catalytic applications (Figure 2c).
The measurements on the total oxygen content of an

aqueous PE-CQDs solution were performed by using a typical
concentration of 1 mg of PE-CQD/1.2 mL of water. The TO
value of this solution decreases from 640 ± 7 μM in the air to
∼95 ± 5 μM under continuous bubbling of N2 gas.
Subsequently, when the N2 flow is stopped, as seen in Figure
2d, oxygen diffuses again from the air into the solution to attain
the initial saturation value. The initial rise in TO is rapid,
reaching half of the saturation value within 25 min. It took
much longer, ∼125 min thereafter, to uptake the remaining
half of the oxygen molecules. However, we found that the
saturation value is significantly different when the uptake of O2
from air occurred in the presence of light. As shown in Figure
2d, when the solution was irradiated with a 400 W Xe lamp,
the saturation TO value became 540 ± 8 μM, nearly 100 μM
less than the same in the absence of light. The contrast
becomes apparent when compared with the same measure-
ments performed in pure water wherein the saturation TO
value remains ∼310 ± 7 μM either in the presence or absence
of light (Figure 2e). The observations gave rise to a belief that
light, or probably the excitons generated by it, in the PE-CQDs
offers a possibility to control the total oxygen content in water.

Figure 2. Three-year-old PE-CQDs. (a) TEM image and (b) particle size distribution. (c) Photograph of solutions of the PE-CQDs using different
solvents (1 mg/2 mL), stable for several months: 1, water; 2, methanol; 3, ethanol; 4, ethyl acetate; 5, acetonitrile; 6, acetone; and 7, isopropyl
alcohol. (d) Temporal variation in TO in a previously deoxygenated (by N2 purging) aqueous PE-CQD solution (1 mg/1.2 mL) by spontaneous
oxygen uptake from the air, in the dark, and under light, reaching saturated TO values of 640 and 540 μM, respectively. (e) Oxygen uptake in
deoxygenated water in the dark and under light, reaching identical saturated TO values of 310 μM. (f) Temporal variation in TO values in the
aqueous PE-CQDs solution under constant irradiation of light (i) and the readsorption of O2 in the dark (ii). (g) Three repeat cycles showing a
decrease in TO values of the PE-CQD solution under light and O2 readsorption in the dark. Note that the time taken to regain the saturation TO
value in air is quite long, 12−15 h (deviation in TO from mean value: ±5−8 μM).
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To examine the effect of light on total oxygen content in
greater detail, we have exposed the aqueous PE-CQD solution
continuously to irradiation from a 400 W Xe lamp and
measured the TO values in regular intervals, as shown in
Figure 2f. The TO values exhibited a sharp drop initially within
the first few minutes and continued to decline, though the
variation became progressively slower until attaining a
saturation value of 540 ± 8 μM in 80 min. No further changes
in the TO values were observed at this point, even upon
prolonged light irradiation.
The changes in the oxygen content are reversible in nature,

and the PE-CQD solution picks up oxygen again once the Xe
lamp is switched off (Figure 2f). The TO values begin to
increase, initially rapidly regaining 25% and 50% of the lost
oxygen in about 10 and 45 min, respectively, and reach ∼620
± 8 μM in about 220 min. It takes another 10−12 h to reach
the original TO value of ∼640 ± 8 μM. Figure 2g shows three
successive cycles with similar variations in the presence and
absence of light.
The origin of the variation in oxygen level in the PE-CQD

solution was examined from the following controlled experi-

ments. It was found that the extent of variation in the TO
values is dependent on the wavelength of the irradiating light.
As seen in Figure 3a, the saturated TO values increased from
540 μM when exposed to the full spectrum of light to become
580, 625, and 640 μM upon using 400, 455, and 495 nm cutoff
filters, respectively. The values did not change any further, as
expected, by using a 550 nm cutoff filter. Noting that the
dependence of the TO values closely matches the UV−vis
absorption spectra of the PE-CQD solution (Figure 3b and
Figure S3c) where the absorption onsets at ∼500 nm and the
fact that light irradiation makes a difference in the TO values
only when PE-CQDs are present in water, and not in pure
water, we attribute the variation in the oxygen content to the
excitons generated in the PE-CQDs by light irradiation.
Furthermore, because the oxygen level reaches a depleted

saturation value of 540 μM upon light irradiation, we have
presumed the existence of an adsorption−desorption equili-
brium on the PE-CQD surfaces; that is, the light induces
desorption of the oxygen molecules, and subsequently the
deficient CQD reabsorbs oxygen from the air. To confirm this
hypothesis, first, the light irradiation experiment was repeated

Figure 3. (a) TO values observed in the PE-CQD solution under constant irradiation of the light by using different cutoff filters. (b) UV−vis
absorption spectrum of the PE-CQD solution closely matching the variation in TO values in (a). Comparison of temporal variations in TO values
in the aqueous PE-CQD solution under constant irradiation of light (c) in an open and a closed vessel, (d) at two different depths from the
solution−air interface: 0.2 and 8 cm in an open vessel (deviation in TO from mean value: ±5−8 μM).
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in a closed and completely filled vessel so that the PE-CQDs
cannot get exposed to air. As seen in Figure 3c, no changes in
the TO values were observed under light irradiation because
even though the O2 molecules were released from the PE-
CQD surface, they could not escape and remained within the
solution. Second, we have measured the TO level under light
irradiation and open-air conditions at a different depth inside
the vessel. In our previous study, we have demonstrated that
oxygen enrichment becomes slower at larger depths. This is
because the oxygen-deficient PE-CQDs must reach the
solution surface to pick up oxygen from the air, or alternatively,
if they adsorb O2 from the surrounding water, oxygen from the
air must diffuse a longer distance to reach the CQD
surrounding, both processes needing a longer time at larger
depth. Figure 3d shows the TO depletion profiles at 0.2 and 8
cm below the solution surface under Xe lamp irradiation. As
expected, it took only 60 min to reach ∼90% TO depletion at
0.2 cm but 250 min at 8 cm. Besides, because the uptake is
slower at 8 cm, but the light-induced O2 desorption rate is
expected to remain similar, the depleted saturation TO value at
8 cm is ∼505 μM, 35 μM less than the same at 0.2 cm, thereby
implying a negative downward gradient of 4.5 μM/cm in the
TO values inside the solution.
The light-irradiation experiments demonstrate that (i) the

adsorbed oxygen content on the surface of a photoactive
material can significantly vary in the presence of light, (ii) in
the case of PE-CQDs the surface-bound oxygen contents are
considerably high as compared to pure water, and (iii) a depth-
dependent gradient in oxygen level may be created in a
solution (containing a photoactive material) by using light.
Origin of High Oxygen Adsorption and Light-

Induced Desorption. To theoretically study the light-
modulated oxygen adsorption property of the PE-CQDs, we
have taken a zigzag-edge planar CQD structure arranged in 10
six-membered rings as our model system (closely matching an
actual PE-CQD, Note S4), as shown in Figure 4a and Figures
S4−S7a. The edge carbons are saturated with hydrogen atoms.
We have not considered the armchair edge PE-CQDs as it gets

distorted upon functionalization.26 We have estimated the
oxygen adsorption energies (EA, Table 1) in the presence of

the various oxygen-containing functional groups (as observed
from the XPS studies11), that is, −SO3H, −OH, −COOH, and
−CO, placed symmetrically along the edges of the quantum
dots. This edge functionalization route was chosen as they are
more reactive than the basal plane surface of PE-CQDs.21

Our theoretical investigation shows that the O2 molecule
preferentially adsorbs over the center of a PE-CQD, away from
their reactive edges. The functionalized quantum dots get
buckled on oxygen adsorption upon geometrical optimization
(Figure 4b, Figures S6b and S7b). The adsorption of the O2
molecule is favorable at the center of the C-surface by forming
a four-membered ring (Figure 4a,b, Figures S6a,b and S7a,b)
as in other carbon systems.21,27 In this configuration, a partial
charge transfer takes place from the PE-CQD to oxygen
(Figure 4b, Figures S6b and S7b), leading to an increased O−

Figure 4. (a) Top view of the molecular structure of a zigzag-edge PE-CQD functionalized with two sulfonate groups, containing one adsorbed
oxygen molecule. (b) The Mulliken electron density on each atom of the system in (a) is shown as per the relative color bar at the bottom. The
structure is slightly tilted for a clearer view of all the atoms. (c) Theoretical UV−vis spectra of the neutral PE-CQD system functionalized with
−CO and −SO3H groups. (d) and (e) denote the isosurfaces of HOMO and LUMO of the system, respectively (isovalue: 0.02). The subscripts
1 and 2 denote the neutral and negatively charged systems, respectively.

Table 1. Adsorption Energies of Neutral, Negatively, and
Positively Charged PE-CQDs, Attached with Different Edge
Functional Groupsa

PE-CQD system adsorption energy (EA, eV)

(functional groups) neutral
negatively
charged

positively
charged

−SO3H 1.31 5.82 −7.07
−COOH 1.36 0.18 −0.27
−OH 1.09 no adsorption −0.27
−CO −0.5 no adsorption −0.29
−SO3H + −COOH 1.25 5.83 −7.17
−SO3H + −OH 0.97 6.01 −7.45
−SO3H + −CO no adsorption no adsorption no adsorption
aOne oxygen molecule is adsorbed on its surface. All the results are
obtained in the presence of dielectric water solvent. The entry “no
adsorption” refers to systems where we have not observed oxygen
adsorption in PE-CQDs within the parameters of our theoretical
optimization.
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O bond length (∼1.55 Å) and a loss in the planarity of the C
atoms beneath the O2 molecule. We further inferred that the
solvent dielectric medium in which the PE-CQDs are dispersed
also stabilizes the oxygen molecule to promote a high O2
uptake since the present EA values are lower than those of
graphitic quantum clusters in a vacuum.21

In the dark environment, we have observed that the
adsorption is exothermic in the presence of the −CO
group due to an enhanced charge transfer but endothermic for
the other functional groups, suggesting a weaker O2 binding
(Table 1). The theoretical UV−vis absorption spectrum for
the PE-CQDs with two −CO functional groups (Figure 4c,
Figures S6c and S7c) closely matches with the experiment.
Hence, the presence of the carbonyl group can be strongly
linked to the unique oxygen enrichment in the PE-CQDs.
Figure 4c also shows a close match of the theoretical UV−vis
absorption spectrum for the −SO3H-functionalized PE-CQDs
with the experiment, despite being less stable than the carbonyl
group-containing system. Notably, the presence of the −SO3H
group is unique in our PE-CQDs as compared to most other
carbon dots as it originates from the sulfonation of the
polyethylene backbone.11 The highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) isosurface plots show that, in the presence of the
weakly O2 adsorbing functional groups (sulfonate groups in
Figures 4d1 and 4e1), the excited-state wave functions are
delocalized along the PE-CQD surface and the O2 molecule.
On the contrary, the frontier orbital isosurfaces for the
carbonyl group-functionalized system show no contribution
from the −CO group (Figure S6d1,e1). Such a difference
becomes crucial for an adsorption event taking place in the
proximity of mixed functional groups. Consequently, oxygen
adsorption does not occur when another functional group such
as −SO3H (Table 1) is attached to a PE-CQD containing a
carbonyl group. However, the EA values do not vary
significantly in the presence of different combinations of
other endothermic functional groups. Hence, even though the

carbonyl group-functionalized PE-CQD systems show en-
hanced stability on oxygen adsorption, we have chosen the
sulfonate group for our subsequent investigation.
We further investigated the role of visible-light illumination

to tailor oxygen adsorption of the PE-CQDs since excited
electrons and holes are generated in this process. Con-
sequently, the PE-CQDs under solar illumination can become
either a negatively or positively charged entity by transferring
one of the charge carriers to another species (such as H+, OH−,
or molecular O2) present in the solution. In such a charged
system, the oxygen adsorption significantly varies from a
neutral one depending on the functional group. Our
calculations show that the endothermic adsorption energy
increases 4-fold in a negatively charged PE-CQDs containing
−SO3H functional groups (Table 1). Figure 4d2,e2 shows the
frontier orbital isosurfaces for the negatively charged system,
similar to the neutral PE-CQDs, with identical charge transfer
from carbon to oxygen. The oxygen molecule still appears to
form a four-membered ring, but the high EA suggests that
oxygen molecules are loosely bound and likely to be present in
the solution than near the system. Under light irradiation,
oxygen desorbs from the PE-CQD surface to air when the
experiment is conducted in an open vessel. Therefore, the TO
value decreases in the presence of visible light to maintain the
adsorption−desorption equilibrium.
Alternatively, the excited electron that goes from HOMO to

LUMO can be captured by the oxygen molecule to form the
superoxide anion radical (as experimentally inferred previ-
ously11) and result in a positively charged PE-CQD. In this
scenario, the adsorption energy becomes highly exothermic for
most functional groups (Table 1). This favors a strong bond
between the oxygen molecule and the PE-CQD surface, as
observed from the frontier orbital isosurfaces of the positively
charged systems in Figures S6d2,e2 and S7d2,e2. Moreover,
the positively charged PE-CQD is stabilized by the
surrounding dielectric water solvent, as evident from the
exothermic nature of such a process.

Table 2. Optimization of Benzylamine Oxidation Reaction at Various Conditions*

entry catalysts environment light time (min) # conversion (%) selectivity (%)

1 PE-CQDs air sunlight 55 97 >99
2 PE-CQDs air Xe lamp 55 >98 >99
3a PE-CQDs air dark 55 <1
4b PE-CQDs air dark 55 <1
5c PE-CQDs air dark 55 <1
6 PE-CQDs O2 Xe lamp 55 >98 >99
7d PE-CQDs N2 Xe lamp 55 70 >99
8e PE-CQDs N2 Xe lamp 55 45 >99
9 air sunlight 55 <1
10f PE-CQDs air Xe lamp 55 32 >99
11f PE-CQDs O2 Xe lamp 55 36 >99
12f PE-CQDs N2 Xe lamp 55 8 >99
13 TiO2-P25 air Xe lamp 55 20 >99

*Reaction conditions: acetonitrile solutions (30 mL), containing substrates (0.5 mmol), photocatalyst (15 mg); a: room temperature (23−26 °C;
b: 40 °C; c: 50 °C; d: reaction mixture was purged with N2 and then PE-CQDs added into it. e: PE-CQDs were first added to the reaction mixture
and then N2 purged; f: reaction in a water medium (30 mL), keeping the other conditions identical. (Note: # conversion % indicates the percentage
of imine in the crude product. The remaining % is the reactant. No other product was identified in the NMR spectra of the crude products.
Selectivity is mentioned as >99% considering the possibility of a trace amount of other products that may not have been detected in NMR.)
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Thus, the overall depletion of the TO content in the PE-
CQD solution under light arises due to the interference from
the excitons, which may be attributed either to the desorption
of oxygen from the PE-CQD surface or to a very stronger
adsorption so that O2 becomes a part of the PE-CQDs and do
not contribute to the TO measurement. However, in the
experiments, since we observed no changes in the TO content
under the closed conditions and light irradiation (Figure 3c),
we conclude the desorption is the primary mechanism for the
TO decrease.
Photocatalytic Oxidation of Benzylamine. The PE-

CQDs were used as photocatalysts for the controlled oxidation
of benzylamine (BA) and its derivatives to the corresponding
imines by using the large number of O2 molecules present on
the PE-CQDs (Note S4) as the oxidant. The development of
amine to imine transformation methodologies that are mild
and green has gained attention because of their use in
functional organic and medicinal compounds.28,29 Among
these, photocatalytic oxidation is attractive due to its energy
efficiency, leading to the development of many efficient
photocatalysts.30−37

The transformations were performed at room temperature in
ambient air with excellent efficiencies (97%) with >99%
selectivity within 55 min of sunlight irradiation (Table 2, entry
1). A similar performance was obtained by using a 400 W Xe
lamp (Table 2, entry 2). The yield of the crude product is
∼98%, and that of the isolated yield obtained is ∼95%. The
conversion efficiency of benzylamine as a function of the
reaction time under the optimized conditions is shown in
Figure S8. In contrast, the conversion efficiency is negligible in
the dark in the presence of the PE-CQDs, at the room as well
as elevated temperatures (Table 2, entries 3−5), signifying the
photocatalytic nature of the reaction. The reaction yield in air
and light was also negligible in the absence of the PE-CQDs
(<1%, Table 2, entry 9), confirming its contribution as a
photocatalyst.
Usually, O2 purging is performed in this reaction to improve

its kinetics significantly.38−41 This step can be avoided with the
PE-CQDs without compromising on the reaction rates due to
their intrinsic oxygen enrichment properties. When we purged
O2 during the reaction, the conversion efficiencies were nearly
the same as that in air, i.e., ∼63% and >98% (vs 58% and >98%
in air, Table 2, entry 6) after 20 min and 1 h, respectively. On
the contrary, the PE-CQDs were expected to perform this
reaction even under an inert atmosphere since adsorbed
oxygen cannot be completely displaced by N2, even by
prolonged purging (Figure 1).11 To examine the influence of
surface-adsorbed O2, we performed the reaction by (i) purging
N2 in the solvent and then adding the O2 saturated PE-CQDs
kept in air and (ii) the reverse, i.e., by adding the PE-CQDs to
the reaction mixture first and then purging it with N2, assuming
that the second reaction would be slower due to a reduced
surface concentration of O2. As anticipated, the conversion
efficiencies were rather decent after 1 h, though they dropped
to ∼70% and 45% in the first and the second case (Table 2,
entries 7 and 8), asserting that the surface-adsorbed O2 is
primarily responsible for the oxidation reaction.
However, since the TO measurements were performed in

water and the photocatalytic reactions were performed in
acetonitrile which is a better solvent for this reaction, we have
also performed the reactions in water to verify the effect of TO
on the oxidation reaction. The conversions in water are
significantly low as compared to those in acetonitrile: ∼32% in

ambient air and ∼36% under O2 purging conditions (Table 2,
entries 10 and 11) after 55 min. Moreover, the conversion
efficiency decreases drastically to ∼8% from 32% under N2
purged (Table 2, entry 12), confirming that the trend is very
similar to the reaction performed in acetonitrile solvent.
The apparent quantum efficiency (AQE) under direct

sunlight was estimated to be 35% for the BA oxidation
reaction by considering all photons absorbed in the 300−500
nm range where the PE-CQDs absorb >95% of light (details in
Note S5 and Figure S9a).42 The AQE was also estimated at
various incident wavelengths (380, 400, 450, 500, and 550 nm)
as shown in Figure S9b. It was found that the AQE profile
mimics the UV−vis absorption spectrum of the CQDs; i.e., the
AQE at λ = 550 nm is very small (∼0.2%) and gradually
increases to ∼25% at λ = 380 nm. The AQE should be further
higher at higher frequencies of the incident light, as the
absorbance of the CQD solution also rises thereafter.
For comparison of the catalytic activities, we have also

performed the reaction under similar conditions using
benchmark commercial TiO2 (P-25), where the conversion
was a mere ∼20% after 1 h (Table 2, entry 13). The catalytic
reaction was performed for five consecutive runs, and the
conversion efficiency was 92% (1 h light irradiation) at the end
of the fifth cycle, suggesting high stability of the PE-CQDs
(Figure 5a). The used PE-CQDs were characterized by various

techniques such as TEM, XRD, UV−vis, PL, and FT-IR
spectroscopy, as described in Figures S10 and S11, to confirm
their stability. The FT-IR spectra of the fresh and used CQDs
revealed the preservation of various functionalization. Besides,
oxygen harvesting properties and the dynamics of O2
adsorption of the used CQDs remain similar to that of the
fresh CQDs under both dark and light conditions, suggesting
the high photostability of the CQDs (Figure S11c,d).
The performance of the PE-CQDs as photocatalyst under

various gaseous environments exhibited a remarkable quality
not observed in other photocatalysts. Earlier investigations

Figure 5. (a) Conversion efficiency during recycling of the PE-CQDs
in five successive photocatalytic BA oxidation reactions. (b) Effect of
different hole, electron, and radical scavengers in the conversion
efficiency of the oxidation reaction.
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showed that the conversion is negligible when the reaction
occurs in an inert atmosphere due to the absence of oxidants.
By contrast, at least ∼50% conversion was found under an
inert atmosphere in our system. More importantly, the activity
of the most state-of-the-art catalysts is significantly poorer in
the open air as compared to an oxygen saturated atmosphere,
requiring an additional oxygen flow while the activity of the
PE-CQDs in the air is as high as under O2 flow due to its
intrinsic oxygen enrichment properties, thus offering a
significantly simplified reactor-design possibility for large,
industrial-scale utilization. Also, the reaction with other
photocatalysts requires elevated temperatures to improve the
kinetics.17,43−45 By considering such catalysts, including the
ones with noble metals, the activity of the PE-CQDs under the
mild conditions of room temperature and ambient air is still
quite higher, as shown in the comparison (see Table S1).
The versatility of the PE-CQDs was examined by using para-

substituted benzylamine with electron-donating (−CH3,
−OCH3, tert-butyl) and electron-withdrawing (−F, −Cl,
−CF3) groups (Table 3). The electron-donating groups impart
a somewhat better activity compared to the electron-with-
drawing groups.
Mechanistic Insight. The excited electrons generated in

the PE-CQDs by light irradiation activate the adsorbed O2

molecules to induce the oxidation reaction.11,33,46,47 To
develop further insight, several reactions were performed by
using scavenger for excited electrons (K2S2O8), holes
(ammonium oxalate), and superoxide radical anions, O2

•−

(benzoquinone). The conversion drastically reduced by
∼75% and ∼82% respectively in the presence of K2S2O8 and
(NH4)2C2O4 to suggest a strong participation of both the
excitons in the reaction (Figure 5b). The participation of the

O2
•− radical anion was inferred from a slow (70%) reaction

rate in the presence of benzoquinone.
Accordingly, we propose the following intermediate steps:

(i) The excited electrons of the PE-CQDs transfer to the
adsorbed O2 to produce O2

•−, a,47,48 as described in Scheme
S1, Table S2, and Note S6. (ii) An adsorbed BA molecule
becomes oxidized in the presence of a hole, yielding a
benzylamine cation radical intermediate, b, and HOO·.31,49

The formation of intermediate b was confirmed by trapping it
with TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl radi-
cal)) and detecting the same by HRMS (Figure S12). (iii)
Extraction of an H· radical by HOO· to produce
benzyliminium ion, c, and H2O2 as a byproduct.50 H2O2
formation was confirmed by KMnO4 titration during the
light irradiation (Figure S13); (iv) “c” couples with another
neighboring BA molecule to give final product d, benzaldi-
mine.17

■ CONCLUSIONS
In conclusion, we demonstrate that a carbon quantum dot can
harvest large quantities of molecular oxygen from the air and
adsorb them on its surface, aided by specific combinations of
its surface functional groups. In addition, the concentration of
adsorbed O2 can be controlled by using an external light source
so that a solution of CQDs can have different oxygen contents
at different portions of the solution. The effect arises due to the
modulation of charge transfer between the CQDs and the
adsorbed O2 molecules in the presence of light that generates
excitons in the CQDs. The oxygen enrichment leads to
profound photocatalytic efficiency for oxidative chemical
transformations. The efficiency for controlled benzylamine
oxidation is significantly higher than the existing photo-
catalysts, including those using expensive noble metals, an

Table 3. Aerobic Oxidation of Different Substituted Amines with the PE-CQDs under Sunlighta

aReaction conditions: the reactions were performed in acetonitrile solutions (30 mL), containing substrates (0.5 mmol) and photocatalyst (15 mg)
under the sunlight.
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oxygenated atmosphere, and harsh reaction conditions. Barely
little is known about the concentration of gaseous reactants on
a catalyst surface under photocatalytic conditions, and these
findings will inspire such studies to explore the consequences
on catalytic efficiencies. Moreover, the use of light and distance
from the air−solution interface offers an unusual possibility of
creating a landscape of varied oxygen contents in a solution
that may offer new opportunities in chemical reactions.
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