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Carbon quantum dots (CQDs) are discrete, quasi-spherical carbon nanoparticles with sizes below 10 nm.
The properties of CQDs can be further enhanced by doping with elements such as nitrogen,
phosphorous, sulphur, and boron or co-doping with heteroatoms such as nitrogen—phosphorous,
nitrogen—sulphur, and nitrogen—boron. These excellent properties of CQDs can be utilized to enhance

the photocatalytic performance of semiconductors. Therefore, in this review, we summarize different
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hydrogen production. Moreover, the detailed photocatalytic mechanism of CQD/semiconductor-based

DOI: 10.1039/d4ra04149f hydrogen production is reviewed. Recent progress in the design and development of CQD-based
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1. Introduction

In 2004, Xu et al.* synthesized fluorescent carbon nanomaterials
via electrophoresis and purification of arc discharge-produced
single-walled carbon nanotubes. They also calculated the
diameter of carbon nanomaterials to be 18.0 £ 0.4 nm through
atomic force microscopy. Carbon dots (CDs) were first named
carbon quantum dots by Sun et al. in 2006 when they synthe-
sized nanoscale carbon particles with a quantum yield (QY) of
only 10% using a carbon target and laser ablation method.?
Because of the complicated preparation steps and low QY, no
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photocatalysts, along with the challenges involved, is comprehensively reviewed.

significant development was seen in this field till 2013. Never-
theless, in 2013, Yang's group developed CQDs with structures
similar to polymers through a hydrothermal method using
ethylenediamine and citric acid as precursors. As materials with
the highest QY value, these CQDs achieved a QY up to 80%.?
These CQDs can be used as functional nanocomposites and
printing inks. The ease of usage, high QY, low toxicity, and
strong photobleaching resistance of CQDs sparked a research
boom and widespread interest.* Following this, researchers
developed many approaches and technologies to pursue CQDs
with high performance, and many important breakthroughs
have occurred over the past few decades. Furthermore, CQDs
differ from graphene quantum dots and carbonized polymer
dots in terms of their distinct synthesis mechanisms, nano-
structures, and features. Graphene quantum dots are aniso-
tropic with lateral dimensions larger than their height,® whereas
carbonized polymer dots exhibit spherical core-shell structures
with a carbon core less than 20 nm.® Alternatively, CQDs are
spherical in shape with a diameter less than 10 nm and are
often produced from polymers or small molecules or biomass.

CQDs consist of few layers of graphite structures, and carbon
atoms predominantly show sp> hybridization with surface groups.
CQDs exhibit distinct properties such as solar light absorption,
tunable fluorescence, up-conversion photoluminescence and
unique electron accepting/donating behaviours.® Their fluores-
cence mechanism includes intrinsic state luminescence and the
quantum confinement effect of size.” Fluorescence emissions
from the visible to near-infrared range correspond to the radiative
recombination of trapped photoinduced electrons and holes at
different surface locations.? The optical absorption of CQDs
correlates to the plasmon transition in the core of the dots. As
CQDs are highly hydrophilic and amenable to functionalization
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with a wide range of chemical, polymeric, and biological species,
they often have a variety of surface active functional groups such
as amino, carbonyl, epoxy, hydroxyl, carboxylic acid and ether
groups.” CQDs have attracted considerable attention owing to
their less toxicity, good solubility, tunable fluorescence, superior
electronic and catalytic properties,® which make them promising
for applications in supercapacitors,* sensors," solar cells," light-
emitting diodes™™® and photocatalytic hydrogen production.
However, the properties of CQDs can be amplified by creating new
virtual energy levels originated by heteroatom dopants such as
nitrogen,* phosphorus,* sulphur,* boron,* and selenium* and
also by the co-doping atoms such as nitrogen-phosphorus,*?*
nitrogen-sulphur,” and nitrogen-boron*® leading to Fermi energy
level shift close to the conduction band, boosting the faster
exchange of electrons than pristine CQDs. Therefore, doped as
well as co-doped CQDs have also gained interest in studying the
photocatalytic activity for hydrogen production.>**® The summa-
rized unique properties and synthesis techniques of CQDs are
displayed in Fig. 1.

Considering the environmental issues such as depletion of
fossil fuels and increased pollution, the other alternative renew-
able energy resources with the advantages of eco-friendliness, zero
pollution and high energy storage capacity have attracted atten-
tion, and photocatalytic hydrogen production is one amongst
them.” Photocatalytic hydrogen production involves water mole-
cule splitting into oxygen and hydrogen using a catalyst in the
presence of light, preferably in the visible region of sunlight.** The
mechanism of water splitting into hydrogen using a photocatalyst
can be summarized as follows. The water splitting, 2H,0 — 2H, +
0,, is a thermodynamically uphill reaction, which requires
AG = 237 k] mol™" (equivalent to an energy requirement of
1.23 eV). The corresponding photon energy is necessary both to
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store solar energy in the final products and to pass the activation
energy barrier for the reaction, as shown in Fig. 2(A).*

The inset of Fig. 2(A) shows the schematic of a photocatalytic
reaction in the presence of a photocatalyst. The electrons from
the valence band were stimulated to the conduction band when
the photocatalyst absorbs photons with energy equivalent to or
higher than its band gap, leaving holes in the valence band (eqn
(1)). Then, reduction half reaction (eqn (2)), e.g. for hydrogen
evolution (eqn (3)), and oxidation half reaction (eqn (4)), for
example, oxygen evolution for overall water splitting (eqn (5)),
occur on the surface of the photocatalyst based on the type.™

Photocatalyst ™S~ + h* (1)
e +A—-> A (2)

where “A” is the electron acceptor.
2¢” +2H" - H, 3)
h*+D — D" (4)
where “D” is the electron donor.
4h* + 2H,0 — O, + 4H" (5)
e~ +h* — light/heat (6)

Therefore, the minimum band gap for a suitable water
splitting photocatalyst should be 1.23 eV. The band levels of
various semiconductors are represented in Fig. 2(B).

The production of hydrogen from water using sunlight has
advantages over other carbonaceous fossil fuels such as it is eco-
friendly, it uses renewable energy sources, and it reduces

TH
Mﬁw&?ML

CARBON
QUANTUM

Fig. 1 CQDs with excellent properties and different synthesis techniques.
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Fig. 2 (A) Schematic of the energy diagram of photocatalytic water
splitting. (B) Energy band levels of different semiconductors. Insetin (A)
shows the principle of photocatalytic water splitting. This figure has
been reproduced from ref. 30 with permission from the Institute of
Physics, Copyright 2021.

environmental pollution.>*® There are various catalysts avail-
able based on semiconductors for the photocatalytic production
of hydrogen.**° Nevertheless, the bandgap of most of the
semiconductors (=3.1 eV) lies in the ultraviolet region of elec-
tromagnetic spectrum. Therefore, it is needed to tune the band
gap of semiconductors to the visible region (=2.75 eV) by
doping,* adding noble metals,** sensitizing with organic dye,*
coupling with semiconductors,* and integrating with (i) 2D
materials such as graphene,** MoS,,* graphitic carbon nitride,*
and WS,,* (ii) 1D materials such as CNTs,*” CdS nanowires,*®
and ZnO nanowires,* and (iii) 0D materials such as CQDs.>*?®

Therefore, herein, we discuss the carbon quantum dot
(doped and co-doped)/semiconductor-based nanocomposites
for photocatalytic hydrogen production. Moreover, the different
synthesis techniques for the development of CQD/
semiconductor-based nanocomposites, and the challenges
involved in enhancing the photocatalytic activity efficacy are
discussed along with the summary.

2. Synthesis of CQD/semiconductor-
based photocatalytic hydrogen
production catalysts

CQDs can be synthesised by both top-down and bottom-up
approaches. The summarized synthesis techniques of CQDs are

23406 | RSC Adv, 2024, 14, 23404-23422
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shown in Fig. 1. The development of CQDs/semiconductors is
a two-step synthesis method in most of the cases, and three steps
in some cases. Yu et al. have synthesized CQDs by an alkali-
assisted electrochemical method followed by the synthesis of
CQD/TiO, nanocomposites by a hydrothermal method.* The
CQDs and TiO, nanosheets were synthesized separately by elec-
trochemical and hydrothermal methods respectively, followed by
CQD/TiO, synthesis by thermal heating.* CQDs synthesized by
a microwave-assisted method were employed to synthesize CQDs/
TiO, by a hydrothermal method.*” Zhang et al> synthesized
CQDs/TiO, by ultrasonication for 1 h followed by magnetic stir-
ring. Zhou et al.>* have synthesized CQD/Pt/TiO, nanocomposites
by co-thermolysis of citric acid and TiO,. The microwave-assisted
method was employed to synthesize nitrogen, phosphorus co-
doped CQDs followed by decoration of co-doped CQDs on TiO,
nanoparticles by a hydrothermal method.”> The CQDs were
prepared by electrolysis of graphite rods followed by coupling with
TiO, by a hydrothermal method.” Recently, Huang et al.>® have
synthesized CQDs by a hydrothermal method and decorated them
on TiO, by a solvothermal method. Wang et al.’” have synthesized
CQDs by thermalizing citric acid and MoS,/CQDs by a photore-
duction process. They also prepared ternary MoS,/CQD/ZnIn,S,
nanocomposites by a hydrothermal method. The nitrogen,
phosphorus co-doped CQDs synthesized by the microwave-
assisted method were decorated on ZnO nanorods by a hydro-
thermal method.”® Qu et al. have prepared CQDs and KNbOj;
separately by a hydrothermal method and then prepared CQD/
KNbO; nanocomposites by a simple stirring method under
ambient conditions.”® Wang et al.* have synthesized CQDs by
a pyrolysis method, CdS by a solvothermal method, and then
CQD/CdS by a simple stirring method for 12 h. Li et al.*® have
prepared CQDs and Ag-In-Zn-S (AIZS) quantum dots separately
by electrochemical etching and hydrothermal methods respec-
tively. Then, the composite of CQD/AIZS was developed hydro-
thermal treatment. All these procedures were followed by
filtration/centrifugation of the product to remove unreacted
precursors and washed with excess of double-distilled water and
ethanol. Then, it was dried (under ambient conditions/vacuum) at
60-80 °C overnight. Overall, all these methods have their own
advantages, for example, in terms of their use and control over
reaction time and temperature, and the properties can be tuned,
as well as disadvantages such as poor control over shape, crys-
tallinity, and purification after synthesis technique. Nevertheless,
green methods such as microwave and sonochemical are always
on demand as they are eco-friendly.** Recently, Xu et al.®* have
adopted a hydrothermal method to prepare coal-based CQDs,
nitrogen-doped CQDs and nitrogen, sulfur co-doped CQDs. The
same research group has also used ultrasound-assisted hydrogen
peroxide to covert coal to into high-value coal-based CQDs and
sulfur-doped CQDs.* Many reports in the literature discuss the
synthesis of CQDs and their characterizations. Nonetheless, the
band gap tuning of the CQDs and CQD/semiconductor-based
nanocomposites is sparse. The synthesis method can be used to
control the size of the CQDs, tuning the band gap of semi-
conductors using CQDs and also to disperse the CQDs, which
further enhance the efficiency of the photocatalytic activity of the
developed CQDs/semiconductor. Yashwanth et al>® have co-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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doped nitrogen-phosphorous into CQDs and then decorated
them on TiO, nanoparticles. The weight percentage of CQDs was
varied to tune the band gap of TiO, by a hydrothermal method,
which enhanced the photocatalytic hydrogen production. The
concentration of H,0, was varied during the synthesis of CQDs to
tune their band gap by Jia et al.** They argued that the band gap
increased with the increase in the concentration of H,O, and
found to be less at 10% of H,0,, which suggests that the photo-
catalytic hydrogen can be tuned by varying the concentration of
H,O0, during the synthesis of CQDs. Mehta et al.*® have tuned the
band gap of spherical CQDs, which were synthesized by a micro-
wave radiation-assisted method, by fabricating Au@CQD core-
shell composites. The band gap of CQDs was found to be 2.78 eV
and it decreased to 2.68 eV for Au@CQD composites. The
microwave radiation-assisted-synthesized nitrogen-phosphorous
co-doped CQDs were also utilized to tune the band gap of ZnO,
which, in turn, tuned its photocatalytic hydrogen production.>
The carbonization process via a hydrothermal method was
adopted to synthesize CQDs and then to construct the hetero-
junction of BaZrO;_; via a hydrothermal method.*® Gogoi et al.*”
have synthesized CQDs by a hydrothermal method and CdS by
a solvothermal method separately, and then used a simple
chemical deposition method to prepare CQD/CdS composites.
The ternary LaFeO,/CdS/CQD nanocomposite was synthesized via
a simple hydrothermal process by Manchala et al.®® Hou et al.*
have adopted a three-step synthesis procedure for the synthesis of
CQD/y-TaON heterojunctions. The individually synthesized CQDs
(by alkali-assisted ultrasonic treatment) and y-TaON (by hydro-
thermal method followed by nitridation heat treatment) were
refluxed in an oil bath at 90 °C for 3 h to develop CQD/y-TaON
heterojunctions.” The thermal polymerization was adopted by
Wang et al.” to decorate different weight percentages of CQDs on
graphitic carbon nitride sheets at 80 °C. For comparison of pho-
tocatalytic performance, they have also synthesized CQD/graphitic
carbon nitride composites by a hydrothermal method at 180 °C
for 6 h.” In the work by Zhang et al.,”* thermal heating at 550 °C
was used to synthesize CQD/graphitic carbon nitride composites.
The individually synthesized CQDs (by thermal treatment) and
graphitic carbon nitride (by thermal treatment) were used to
develop CQD/graphitic carbon nitride composites by ultrasonic
treatment in the presence of ethanol.”” Zhang et al.” have adopted
several stages of spot heating induced by ultrasonic cavitation
effects from a cell disruptor instrument having power in the range
of 50-300 W for 4 h to synthesize CQD/carbon nitride composites.
The nitrogen-doped CQDs were synthesized by a hydrothermal
method and then decorated on graphitic carbon nitride by
a solvent evaporation method.” The CQDs were synthesized by
a hydrothermal method and then decorated on TiO,/graphitic
carbon nitride heterojunctions by thermal treatment at 85 °C for
5h.”

3. Different types of CQD/
semiconductor-based photocatalysts

The schematic illustration of photocatalytic hydrogen produc-
tion by CQD/semiconductors is shown in Fig. 3(A). In

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

CQD/semiconductor-based nanocomposites, for the increased
photocatalytic hydrogen generation activity, CQDs perform two
crucial functions. (i) Under UV light illumination, CQDs serve as
electron reservoirs to trap photogenerated electrons from the
semiconductor's conduction band. This enables the effective
separation of electrons and holes and, as a result, increases the
photocatalytic hydrogen production activity. (ii) Under visible
light illumination, the conjugated CQDs function as photo-
sensitizers similar to organic dyes, sensitising semiconductor-
based nanostructures into a visible light-responsive “dyad”
structure and donating electrons to the semiconductor's
conduction band, resulting in visible light-driven photocatalytic
hydrogen production activity.’® Additionally, the addition of
nitrogen, sulphur, phosphor, boron, and other elements to
CQDs causes the valence band to shift towards the Fermi energy
level (reduction in work function), which speeds up the
exchange of electrons (accept or donate) compared to CQDs
alone.”>?®

The coupling with green-synthesized CQDs with semi-
conductor nanoparticles has also gained interest. Sargin et al.>
have synthesized CQDs by a microwave-assisted method using
mushroom, which have a size less than 20 nm, as depicted by
the HRTEM results, and it confirmed the decoration of CQDs on
TiO,. They argued that the XPS results of CQDs/TiO, depicted
the presence of nitrogen and phosphorous as well, which arises
from the protein and nucleic acid content of mushroom. When
the excitation wavelength was increased, the fluorescence peak
emission intensity of CQDs showed a red shift and was found to
be greater (506 nm). Nevertheless, the suppression in the fluo-
rescence peak emission intensity was observed for CQDs/TiO,
due to effective photoinduced charge carrier separation, which
will benefit photocatalytic hydrogen production. The CQDs/
TiO, produced hydrogen of 472 pmol g~ " under visible light (1
= 420 nm) while it enhanced to 1458 pmol g~ with the Pt co-
catalyst due to the synergistic effects between individual
components such as CQDs, TiO, and Pt, leading to the transfer
of photogenerated electrons from the conduction band (CB) of
CQDs to the CB of TiO, and then to Pt, which reduced H' ions to
H,.

Further, the photocatalytic hydrogen production not only
depends on the photocatalysts, but also depends on the content
of cocatalysts, pH of solution, incident wavelength and weight
of photocatalysts.*® Fig. 4(A) and (B) depict the spherical shaped
CQDs of size 6-7 nm coupled with anatase TiO, nanosheet/Pt
nanohybrids. The developed CQDs/TiO, exhibited hydrogen
production (A = 405 nm) of 6.2 umol g~ * h™" (Fig. 4(C)), while it
increased to 895, 1841, 2106 and 2650 pmol g~ ' h™" with 0.5%,
1%, 2% and 3% Pt contents respectively, indicating that the
presence of co-catalysts such as platinum contributes to
increased hydrogen production. The hydrogen production of
CQD/1%Pt/TiO, nanohybrids with ascorbic acid solutions of
various pH is shown in Fig. 4(D). The highest hydrogen
production rate of 1867 umol g * h™" was found at pH = 4.0 of
the ascorbic acid solution with the CQD/1%Pt/TiO, photo-
catalyst, and the pH was found to be negligible before and after
mixing with the photocatalysts. Fig. 4(E) displays the depen-
dence on the illumination wavelength for hydrogen production

RSC Adv, 2024, 14, 23404-23422 | 23407
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(A) Schematic of the production of photocatalytic hydrogen using semiconductor (TiO,)/CQDs when exposed to ultraviolet and visible

light. (B) HRTEM image of CQD/TiO, nanoparticles, and photocatalytic hydrogen production of CQDs/TiO, under (C) UV-visible light and (D)
visible light (A = 450 nm) irradiation. This figure has been reproduced from ref. 50 with permission from the Royal Society of Chemistry, Copyright

2014.

with CQD/1%Pt/TiO, photocatalysts, which shows that the
hydrogen production was found to be 1525 pmol g~ * h™" with
illumination at 450 nm and it decreased to 470 pmol g~* h™"
with illumination at 520 nm, suggesting that CQDs significantly
enhanced the visible light absorption of the photocatalytic
system in the visible region. Fig. 4(F) shows the dependence of
hydrogen production on the weight of photocatalyst (CQDs/1%
Pt/TiO,) and the highest efficiency was found to be 3323 pmol
g~ ' h™! with 0.125 mg mL ™" CQDs/1%Pt/TiO,. The photon-to-
hydrogen conversion efficiency was reduced to 0.57% in the
first three hours when the weight of CQDs/1%Pt/TiO, was
increased to 0.25 mg mL ™", and it was further decreased when
the weight was increased to 0.5 mg mL~". The better interaction
between CQDs and TiO, facilitating the efficient charge transfer
from to TiO, from CQDs under visible light illumination was
the cause of the enhanced photocatalytic hydrogen production
of the nanohybrid. The charge transfer time was found to be 1.3
ns for CQDs/TiO,, which is comparable to time (1.6 ns) for
electron transfer from ascorbic acid to CQDs, suggesting the
availability of reductive and oxidative quenching paths for
hydrogen production, wherein CQDs act as the electron
acceptor and transferring bridge.

The facet of semiconductor coupled with CQDs also plays
a role in enhancing the photocatalytic hydrogen production

23408 | RSC Adv, 2024, 14, 23404-23422

activity. Sui et al.** have uniformly decorated CQDs of size (2—
5) nm on TiO,-001 nanosheets of average size ~50 nm and
thickness of about 4-6 nm with a fringe spacing of 0.235 nm
corresponding to the (001) plane of TiO,-001 (Fig. 5(A)). Fig. 5(B)
displays the various TiO,-001-based photocatalysts used for
photocatalytic hydrogen generation. It shows that CQDs/TiO,-
001 produced hydrogen at a rate of 7.9 mol h™", which is four
times higher than that of TiO,-001 alone. Even CQDs.TiO,-001
displayed an enhanced hydrogen production rate compared to
CQDs/TiO, (P25). The improved hydrogen production rate of
CQDs/Ti0,-001 is illustrated in Fig. 5(C) and (D). As can be seen
in Fig. 5(D), the highly active (001) TiO, facet migrates the
photoexcited electrons to the TiO, surface and combines with
H' ions forming H,. Further, CQDs suppress the photoexcited
electron-hole pair recombination on the surface of TiO,-001
favouring the hydrogen production, which is further corrobo-
rated by the decrease in lower band-band PL intensity. CQDs
serve as electron reservoirs as well as photosensitizers through
a new Ti-O-C bond formed between TiO,-001 and CQDs.

The CQDs decorated on mixed phases of TiO, such as
anatase and brookite phases of TiO, showed an enhanced
photocatalytic hydrogen production rate of 280 umol h™* for
0.5% loading of CQDs.** This is due to the absorption edge shift
from ultraviolet region to visible region. The CQDs would have

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A and B) HRTEM images of CQDs/3 wt%Pt/TiO,. Hydrogen production dependence on (C) photocatalysts, (D) pH, (E) illuminated

wavelength and (F) concentration of photocatalyst for CQD/1 wt%Pt/TiO, nanohybrids. This figure has been reproduced from ref. 54 with

permission from the American Chemical Society, Copyright 2019.

formed good contact interface with surface TiO, via a Ti-O-C
bond introducing defects such as Ti**/oxygen vacancies and
provided the surface with hydrogenation-reduced CQDs, which
in turn varies the wavelength absorption as well as emission
properties. Due to this hydrogenation, the CQDs will lose their
surface groups, leading to an increase in the degree of conju-
gation, resulting in electron transfer from CQDs to TiO,,
thereby decreasing the band gap (ie, a red shift in the
absorption band edge).*® The biomass-originated carbon dots of
size around (3-4) nm were decorated onto anatase-phase TiO,
nanoparticles.®® The CDs/TiO, showed an enhanced

© 2024 The Author(s). Published by the Royal Society of Chemistry

photocatalytic hydrogen production rate of 603.92 wmol h™*
g~", which was 6.41-fold higher than that of TiO, alone (i.e.
94.18 umol h™* g™ "). This enhancement in hydrogen production
was mainly due to the decoration of CDs on TiO, resulting in the
formation of Ti-O-C leading to easy transfer of electrons from
CDs to TiO,. Even the photocatalyst exhibited remarkable
hydrogen production cyclic stability over 20 h and found no
change in its structural and chemical properties. As the CDs
transfer electrons to TiO,, it leads to the huge accumulation of
charges at the interface of CDs/TiO,, resulting in the electric
field distribution at the interface.>® Moreover, they have carried

RSC Adv, 2024, 14, 23404-23422 | 23409


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04149f

Open Access Article. Published on 25 July 2024. Downloaded on 10/27/2025 3:51:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

RSC Advances

Fig. 5

H, evolution rate (umol/h)

View Article Online

Review

B CQDS‘TiO:-OOI
st
6 CQDsP25
1
CQDs/anatase!
4
P25 Tio -001
2T anatase
0

Photocatalysts

(A) HRTEM image of CQDs/TiO,-001. (B) Photocatalytic hydrogen production of different photocatalysts based on TiO,-001. Illustration

of charge transfer mechanisms and hydrogen production of (C) TiO,-001 and (D) CQDs/TiO,-001. This figure has been reproduced from ref. 51

with permission from Elsevier, Copyright 2019.

out Finite-difference time-domain (FDTD) simulations to study
the electric field distribution at the interface of CDs/TiO,, as
shown in Fig. 6. As shown in Fig. 6(A), when wavelength 550 nm
was incident, the local “hot spots” were observed at the TiO,
interface, suggesting the huge accumulation of charge carriers
in these regions. When the same wavelength (550 nm) was
incident, locally enhanced “hot spots” were identified at the
TiO, and CD interface, suggesting the huge accumulation of
charge carriers at the interface of TiO, and CDs. Moreover, the
electric field intensity was found to be significantly more for
CDs/TiO,, confirming the transfer of charges across the inter-
face. This suggests that the enhancement in the photocatalytic
production of hydrogen CDs/TiO, was because of the synergistic
effects multiple mechanisms, such as enhancement in the
optical absorption and separation of photogenerated charge
carriers along with the promotion of photogenerated electron
transfer.

The CQDs were also coupled with metal chalcogenides to
enhance their photocatalytic hydrogen production. The CQDs
decorated on MoS, nanoplates were self-assembled on ZnIn,S,
nanosheets by Wang et al® The hydrogen produced was
negligible for MoS,/CQDs, and bare ZnIn,S, showed poor
photocatalytic hydrogen production. However, 3 wt% MoS,/
CQDs/ZnIn,S, demonstrated 674 umol hydrogen production
over 5 h, which was 2 and 5.1 times greater than that of 3 wt%

23410 | RSC Adv, 2024, 14, 23404-23422

MoS,/ZnIn,S, and 3 wt% CQDs/ZnIn,S, correspondingly. The
addition of CQDs during the fabrication of ternary nano-
composites considerably increased the photocatalytic hydrogen
production activity of the material, which is advantageous for
the vectorial transport of photogenerated electrons from
ZnlIn,S, to MoS,. ZnIn,S, produces electrons and holes when
the ternary nanocomposite is irradiated by light. These photo-
generated electrons are transferred to CB of CQDs as the CB of
CQDs is less negative compared to that of ZnIn,S,. As the
conductivity of CQDs is good, these photogenerated electrons
can then be transferred to MoS, providing active sites for the
production of hydrogen. The effective transfer of electrons from
ZnIn,S, to MoS, is influenced by CQDs, which act as mediators.
The spherically shaped CQDs of size 4-9 nm were decorated on
micron-sized KNbO; particles by Qu et al.*® The CQD/KNbO;
composite showed an enhanced photocatalytic hydrogen
production of 468.72 umol h™* g~ while bare KNbO; showed
245.52 umol h™' g7" due to the suppression in the recombi-
nation of photogenerated electron hole pairs. The photo-
generated electrons in KNbO; are transferred to CQDs, which
provides active sites for hydrogen production, thereby
decreasing the recombination of electron-hole pairs. Further,
the absorption and fluorescence properties of CQDs can be
enhanced by doping®*>* as well as co-doping>*~* with non-metal
elements, which enhance the photocatalytic hydrogen

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04149f

Open Access Article. Published on 25 July 2024. Downloaded on 10/27/2025 3:51:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

View Article Online

RSC Advances

8

&

18
18
4
[ D -
oe
06
04
20 20 «10 0 10

20 30

Fig. 6 Electric field distribution calculated from FDTD simulations for (A) TiO, and (B) CDs/TiO,. The electric field's direction was polarised along
the X-axis before incidentally intersecting the Z-axis. This figure has been reproduced from ref. 56 with permission from Elsevier, Copyright 2023.

production of CQD/semiconductor photocatalysts. Shi et al.”®
have investigated the effect of nitrogen doping level in NCQDs/
TiO, for photocatalytic hydrogen production. The hydrogen
production rate was 9.8 pmol h™* for NCQDs/TiO, under full-
spectrum illumination, which is ~9 times higher than that of
TiO, alone. Under visible light illumination (A = 450 nm), the
NCQDs/TiO, exhibited 58.6 nmol h™", whereas pristine TiO,
showed no hydrogen production. It is evident that NCQDs are
beneficial for hydrogen production under both full spectrum
and visible light illumination. They concluded that NCQDs
serve as both photosensitizers and electron reservoirs in NCQD/
TiO, composites. Nitrogen doping supresses non-radiative
quenching by decreasing the inner layer energy traps between
sp> domains, in turn leading to a high PLQY. Under UV light
illumination, NCQDs accept the photoexcited electrons from
TiO, and under visible light illumination, NQCDs donate the
photoexcited electrons to TiO,, thereby enhancing the hydrogen
production under full-spectrum illumination. Yashwanth
et al* have co-doped nitrogen and phosphorus to CQDs
(NPCQDs) of size (1-5) nm and then decorated NPCQDs on
anatase-phase TiO, nanoparticles of size 7-15 nm. NPCQDs/
TiO, showed improved photocatalytic hydrogen production of
533 umol h™" ¢~ as compared to NCQDs/TiO,, PCQDs/TiO,,
and CQDs/TiO,. This is due to the synergistic effects between
individual components leading to a decrease in band gap,
supressed recombination of photoexcited electron-hole pairs,
increased lifetime of photoexcited charge carriers and
decreased work function. The nitrogen as well as phosphorous
co-dopants create an additional energy level above the VB of
CQDs, leading to shifting of the Fermi energy level towards the
CB, resulting in the transfer of more electrons from NPCQDs to
TiO,. This would create virtual energy levels (acceptor energy
levels) below the conduction band of TiO,, resulting in
a decrease in the band gap of NPCQDs/TiO,. Hence, NPCQDs/
TiO, will be more active in the visible region for the production
of photocatalytic hydrogen. The observed more hydrogen
production by PCQDs/TiO, than NCQDs/TiO, is due to the
longer lifetime of energy levels produced by phosphor dopants.
The NPCQDs of size (2-5) nm were decorated onto hexagonal

© 2024 The Author(s). Published by the Royal Society of Chemistry

wurtzite-structured ZnO nanorods with a diameter of 25-40 nm
and a length of ~70 nm.** The NPCQDs/ZnO showed an
increased photocatalytic hydrogen rate of 417 umol h™* g*
compared to PCQDs/ZnO, NCQDs/ZnO and CQDs/ZnO due to
the effective transfer of photogenerated electrons from NPCQDs
to TiO,, thereby supressing the recombination of photo-
generated electron-hole pairs with the extended lifetime of
photogenerated charge carriers. Xu et al.”” have co-doped
nitrogen and sulphur to CQDs (NSCQDs) with an average size
of 2.71 nm and decorated on a cobalt-based metal organic
frame (Co-MOF) surface and graphitic carbon nitride (CN).
Relatively Co-MOFs and CN have very low photocatalytic
hydrogen production activities. Nevertheless, 15NSCQDs/Co-
MOF/0.125CN showed enhanced photocatalytic hydrogen
production of 312.65 umol over 5 hours. They argued that under
visible light illumination, the Co-MOF/CN acts as a Z-type het-
erojunction, wherein photogenerated electrons of CN are
transferred to the VB of the Co-MOF and recombine with holes,
resulting in the suppressed hydrogen production. Nevertheless,
the introduced CQD serves as an electron bin and acts as an
electron transporter in the photocatalyst. Part of the photo-
generated electrons of CN are transferred to NSCQDs, which
produces hydrogen on its surface. The remaining part of pho-
togenerated electrons of CN are transferred to NSCQDs, which
then transfer those electrons to the CB of the Co-MOF, which
provides active sites for hydrogen production. Thus, NSCQDs
supress photogenerated electron-hole pair recombination and
also act as a bridge to transfer the photogenerated electrons,
enhancing the photocatalytic hydrogen production of NSCQD/
Co-MOF/CN composites. Further, very recent studies have
demonstrated that the coal-based carbon quantum dots
enhanced the photocatalytic hydrogen production rate of
CoMo00,/g-C3N, to 4916.63 umol g~ ' h™" as the CQD serves as
a bridge between CoMoO, and g-C;N, due to its excellent elec-
tron transfer capabilities of serving as the electron acceptor as
well as electron donor.”” Moreover, the coal-based nitrogen,
sulfur-rich CQDs increased the photocatalytic hydrogen
production rate of Co-Fe-P derived from the MOF to
28.41 mmol g~ ' h™"', and CQDs served as auxiliary catalysts to

RSC Adv, 2024, 14, 23404-23422 | 23411
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boost the hydrogen production.®® Patra et al.®® have dispersed
CQDs of size ~2-7 nm on the BaZrO; ; hollow sphere. The
developed CQD/BaZrO;_; heterostructure showed enhanced
hydrogen production rates of 670 pmol h™* g~ and 250 pmol
h™ g~ under ultraviolet and visible light irradiation respec-
tively compared to the BaZrO; ; hollow sphere alone. The
enhanced hydrogen production of the CQD/BaZrO;_; hetero-
structure was due to the dual nature of CQDs as electron
acceptors and electron donors under ultraviolet and visible light
irradiation respectively, as explained in Fig. 7(A). Gogoi et al.*
have decorated different weight percentages of CQDs on 1D CdS
nanorods of diameter ~30 nm and average length 2-4 nm to
enhance photocatalytic hydrogen production. The highest
photocatalytic hydrogen production of 309 mmol h™" g~" was
achieved for 0.4 wt% CQD/CdS composite, which was 1.5 times
higher than that of CdS alone. The enhanced hydrogen
production was due to the strong interaction between CQDs and

View Article Online

Review

CdS, resulting in the negative shift of binding energies of Cd 3d
and S 2p, which confirmed the increase in the density of states.
This will enable the fast transfer of photoexcited electrons from
CQDs to CdS and then increase the photocatalytic hydrogen
production efficiency. Further, the charge separation efficiency
of CQDs/CdS was studied by chronoamperometry (Fig. 7(B)),
and it showed a higher average current density for CQDs/CdS
compared to CdS due to the photo quantum confinement
effect of CQDs helping the easy transfer of photo excited elec-
trons from CQDs to CdS. Moreover, the reduction in the arc
radius of EIS spectra (Fig. 7(C)) for composite under visible light
was due to the faster transfer of photoexcited electrons. The
amount of CQD/CdS photocatalyst was also optimized, which
showed better photocatalytic efficiency at 1 mg L™ and
decreased thereafter (Fig. 7(E)). The higher loading of the
photocatalyst make the solution turbid and block the light,
thereby decreasing the efficiency of photocatalytic hydrogen.
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This figure has been reproduced from ref. 67 with permission from Elsevier, Copyright 2020.
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Further, the CQDs provide the oxidation/reduction active sites
to CdS in the absence of sacrificial reagents, thereby enhancing
the photocatalytic hydrogen activity (Fig. 7(F)), and also protect
the photocorrosion of CdS under light irradiation.

CQDs were also used to boost the photocatalytic hydrogen
production of binary composites such as LaFeO;/CdS. Ternary
composites such as LaFeO;/CdS/CQDs exhibited an enhanced
hydrogen production rate of 25 302 umol h™' g~*, which is 1.1
times higher than that of LaFeO/CdS binary composites. The
decorated CQDs act as mediators to harvest the sunlight and
enhance the photoinduced charge carrier separation to boost
the photocatalytic hydrogen production. Furthermore, CQDs
receive the electron from LaFeO; and reduces H' to H,, whereas
the holes in the valence band of CdS oxidize lactic acid to pyr-
uvic acid.®® Hou et al.*® have decorated the CQDs of size 2-5 nm
on y-TaON hollow urchins consisting of well-organized nano-
needles of length 100-200 nm (Fig. 8(A)-(C)). The developed
CQD/y-TaON heterostructures exhibited a hydrogen production
rate of 496.5 umol h ™", which is 1.25 times higher than that of y-
TaON (Fig. 8(D)). The detailed photocatalytic hydrogen
production mechanism of CQD/y-TaON is shown in Fig. 8(E).
The CQDs receive electrons from y-TaON and transport them to
photocatalytic processes under UV-visible light, thereby pre-
venting the electron-hole recombination, which further
enhances the photocatalytic hydrogen production by CQD/y-
TaON heterostructures. Under NIR light irradiation, CQDs
absorb longer wavelength light and emit shorter wavelength
light due to the up-conversion behaviour, which further excites
v-TaON to produce electron-hole pairs, harnessing the broad
spectrum of sunlight to produce hydrogen effectively. Even the
developed CQD/y-TaON heterostructure depicted excellent
stability for photocatalytic hydrogen production for over 30 h,
revealing its high durability as a photocatalyst. The CQDs/y-
TaON showed 12.2% quantum efficiency, which is 61 times
higher than that of conventional TaON.*
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The thermal polymerization was used to develop CQD/
graphitic carbon nitride composite-based photocatalysts for
hydrogen production.” The schematic of the synthesis of CQD/
graphitic carbon nitride composites along with the proposed
photocatalytic hydrogen production mechanism is shown in
Fig. 9. During the synthesis, the precursors of CQDs and
graphitic carbon nitride such as glucose and urea respectively
recrystallize and form hydrogen bonding between the hydroxyl
groups of glucose and the amide groups of urea. During thermal
polymerization, urea polymerizes to graphitic carbon nitride
and glucose carbonizes to CQDs. As there will be a hydrogen
bonding between glucose and urea, it creates close connections
(may be van der Waals' type of force/bond) between CQDs and
graphitic carbon nitride, which could enhance the charge
transfer process and prevent the recombination of electron-
hole pairs at the interface. As a result, the CQD/graphitic carbon
nitride composite showed enhanced photocatalytic hydrogen
production of ~465 pmol, which is 4.55 times higher than that
of graphitic carbon nitride alone. Furthermore, CQD/graphitic
carbon nitride composites prepared by thermal polymeriza-
tion showed enhanced photocatalytic hydrogen production
under the same conditions compared to CQD/graphitic carbon
nitride composites prepared by a hydrothermal method. This is
due to the reason as explained earlier that the presence of
hydrogen bonding between glucose and urea establishes the
close connection (may be van der Waals' type of force/bond)
between CQDs and graphitic carbon nitride, thereby
enhancing the electron transfer across the interface, which, in
turn, increases the photocatalytic hydrogen production of
CQDs/graphitic carbon nitride prepared by a thermal polymer-
ization method. Zhang et al” have also developed CQDs/
graphitic carbon nitride and found that the band gap
decreased to 2.68 eV for CQDs/graphitic carbon nitride from
2.77 eV for graphitic carbon nitride alone. Under visible light
irradiation, the photoexcited electrons and holes will generate
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mechanism of CQD/y-TaON heterojunctions. This figure has been reproduced from ref. 69 with permission from Elsevier, Copyright 2015.
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Fig. 9 Schematic of the synthesis and photocatalytic hydrogen production of CQD/graphitic carbon nitride composites. This figure has been

reproduced from ref. 70 with permission from Elsevier, Copyright 2018.

graphitic carbon nitride and create an internal electric field
within it. This was further corroborated by first-principles DFT
calculations, depicting the local electronic structure in the
composite and also indicating the strong hybridization between
CQDs and graphitic carbon nitride, which leads to the creation
of internal electric field. The photogenerated electrons from
graphitic carbon nitride will quickly transfer to CQDs and the
photogenerated holes will remain on graphitic carbon nitride
forming the spatial separation degrading Rhodamine B. As
a result, CQDs/graphitic carbon nitride composite exhibited
a hydrogen production rate of 1291 umol g~' h™' simulta-
neously degrading rhodamine B. The produced hydrogen was
1.94 times higher than that of the same CQD/graphitic carbon
nitride photocatalyst in water. It summarizes that the efficient
utilization of holes to degrade rhodamine B prevents the fast
recombination of photogenerated electrons and holes, thereby
enhancing the photocatalytic hydrogen production. Li et al.”*
have modified the graphitic carbon nitride sheets using CQDs
of size 2-10 nm. The CQD/graphitic carbon nitride composite
showed an enhanced photocatalytic hydrogen production rate
of 116.1 umol h™" which is three times higher than that of
graphitic carbon nitride alone. The enhancement in the

23414 | RSC Adv, 2024, 14, 23404-23422

photocatalytic hydrogen production was attributed to the fact
that the CQDs serve as electron reservoirs and also act as light
harvesters, thereby increasing the photocatalytic hydrogen
production by CQD/graphitic carbon nitride composites.

The CQDs of size ~2 nm were loaded onto a 2D carbon
nitride matrix of lateral dimension up to several microns
developed by a facile “spot heating” method using an ultra-
sonicator.” During ultrasonic treatment, the exfoliation of bulk
carbon nitride occurs, resulting in an increase in interlayer
spacing. Simultaneously, some regions of ultrathin carbon
nitride decompose into nitrogen/cyano fragments by the high
temperature due to the intensified ultrasonic cavitation effect
leaving behind the carbon atoms at their original site, thus
forming CQDs in the 2D carbon nitride matrix. With the
increase in ultrasonic power, the amount of CQDs on carbon
nitride sheets also increased. The photocatalytic hydrogen
production of the developed CQD/carbon nitride matrix was
characterized as a function of irradiation time by a solid-state
magic angle spinning nuclear magnetic resonance technique
in the organic contaminated water in the presence and absence
of bisphenol A. The amount of hydrogen produced increased
with the increase in time and was found to be more for the CQD/

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (A) TEM image of 1% CQDs/graphitic carbon nitride (inset
shows its lattice spacing). (B) electron spin resonance of CQDs/
graphitic carbon nitride, (C) hydrogen evolution of 1% CQDs/graphitic
carbon nitride. This figure has been reproduced from ref. 74 with the
permission from Elsevier, Copyright 2020.

carbon nitride photocatalyst than that of individual carbon
nitride. The amount of hydrogen produced by CQDs/carbon
nitride matrix was found to be more as 152 umol g * h™* due to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the increased lifetime of photogenerated charge carriers as well
as synergistic effects between water splitting and bisphenol-A
degradation.

Further, Liu et al”™ have doped CQDs with nitrogen to
enhance the hydrogen evolution of nitrogen-doped CQD-
decorated defect-rich graphitic carbon nitride (Fig. 10(A)). The
electron spin resonance spectra showed a progressive increase
in spin intensity with the increase in CQD amount (Fig. 10(B)),
indicating the promoted delocalization of the sole electrons,
which is due to the improved charge separation and effective
migration of charge carriers in NCQD/graphitic carbon nitride
composites. The 1% CQD-loaded graphitic carbon nitride
composite showed the highest hydrogen production rate of
626.93 umol g~ h™" (Fig. 10(C)) which is nearly 7 times higher
than that of graphitic carbon nitride alone due to increased
photogenerated charge separation, increased lifetime of pho-
togenerated charge carriers and increased specific surface area.
In addition, the lone pair of electrons in the amine groups of
nitrogen atoms interact with the photogenerated holes, result-
ing in an increased lifetime of photogenerated electrons, which
will be utilized to combine with H" to produce hydrogen. The
tertiary composite consisting of CQD-decorated TiO,
nanoparticle/2D graphitic carbon nitride heterojunctions
(CQDs-TiO,-C3N,) was developed that produced hydrogen of
nearly 6.497 umol g ' h™" which is nearly two times higher than
that of C;N, alone.” Pan et al. have proposed a mechanism for
photocatalytic hydrogen production, as shown in Fig. 11. Under
visible light as well as near-ultraviolet light irradiation, CQDs
showed up-conversion fluorescence through a two-photon
process. As a result, part of visible light will get converted into
ultraviolet light and excite the electrons in TiO, generating
photoexcited charge carriers. Further, heterojunctions such as
TiO,-C;3N, increase the lifetime of photogenerated charge
carriers in addition to the decomposition of H,0, by CQDs, and
the four-electron process can be described as follows:

1

H,0—H, + 50, )

2H,0 — H,0, + H, 8
1

H,0,—H,0 + 502 )

C;N, in the tertiary composite acts as a hole acceptor and
produces H,0, on the surface of photocatalysts. The CQDs on
the surface of TiO,/C3;N, heterojunctions decompose H,O, into
H,0 with evolution of oxygen, as shown in eqn (9). Thus
produced H,O will release hydrogen, as shown in eqn (7) by the
photogenerated electrons of TiO,. Furthermore, C;N, produces
a porous structure, thereby enhancing the specific surface area
to provide the active sites for hydrogen production. The syner-
gistic effects of all these enhance the photocatalytic hydrogen
production activity of CQD-TiO,-C3N, tertiary composites
compared to other binary as well as individual components. The
comparison of different CQD/semiconductor-based photo-
catalysts with their hydrogen production is tabulated in Table 1.
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Fig. 11

reproduced from ref. 75 with permission from Elsevier, Copyright 2018.

Table 1 Comparison of different photocatalysts with their hydrogen production
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(A) Schematic of the photocatalytic hydrogen production activity of the CQD-TiO,-CsN4 tertiary composite. This figure has been

SI. No. Photocatalyst Source H, produced Reference
1 CQDs/TiO, nanoparticle 500 W halogen lamp (UV light) 9.1 pmol h™* 50
2 CQDs/TiO, nanoparticle 500 W halogen lamp (4 > 450 nm) 0.5 pmol h™* 50
3 CQDs/TiO, nanosheets 300 W xenon lamp 7.9 umol h™* 51
4 CQDs/TiO, nanoparticles 300 W xenon lamp (A = 420 nm) 472 ymol h™" ¢! 52
5 CQDs/TiO,/Pt 300 W xenon lamp (A = 420 nm) 1458 umol h™* ¢! 52
6 CQDs/TiO,/Pt LED lamp (A = 405 nm) 1867 pmol g ' h™* 54
7 CQDs/TiO, 1.5 solar simulator (AM 1.5 filter) 280 pmol h™* 55
8 CQDs/TiO, 300 W xenon lamp (AM 1.5) 603.92 pmol h™ ' g * 56
9 MoS,/CQDs/ZnIn,S, 300 W xenon lamp (A = 420 nm) 674 pmol 57
10 CQDs/KNbO; 300 W xenon lamp (420 nm < 2 < 800 nm) 468.72 pmol h™' g ™! 58
11 NCQDs/TiO, 500 W metal halide lamp (1 = 450 nm) 58.6 nmol h™* 76
12 NPCQDs/TiO, 300 W xenon lamp (A = 410 nm) 533 nmol h™' g™* 25
13 NSCQDs/CoMoF 5 W LED lamp 312.65 pmol 77
14 CQDs/CoMo0,/graphitic carbon nitride 5 W LED lamp (4 = 420 nm) 4916.63 pmol g ' h™! 62
15 NSCQDs/CoFeP 5 W LED lamp (4 = 420 nm) 28.41 mmol g ' h™* 63
16 NPCQDs/ZnO 300 W xenon lamp (A = 410 nm) 417 nmol h ' g* 26
17 CQDs/BaZrO;_; 300 W tungsten-halogen lamp 670 umol h ' g™* 66
18 CQDs/CdS nanowires 400 W metal halide lamp 309 mmol h™' g™* 67
19 LaFeO5/CdS/CQDs Sun light 25302 pmol h™ ' ¢! 68
20 CQDs/H-y-TaON hollow urchins 350 W mercury lamp 496.5 pmol h™* 69
21 CQDs/graphitic carbon nitride 300 W xenon lamp ~465 pmol 70
22 CQDs/graphitic carbon nitride 300 W xenon lamp 1291 pmol g ' h™* 71
23 CQDs/graphitic carbon nitride 300 W xenon lamp (A = 420 nm) 116.1 pmol h™* 72
24 CQDs/graphitic carbon nitride AM 1.5 solar power system (A = 420 nm) 152 pmol g ' h™* 73
25 NCQDs/graphitic carbon nitride 300 W xenon lamp (A > 420 nm) 626.93 pmol g * h™* 74
26 CQDs-Ti0,-C3N, 300 W xenon lamp (1 > 400 nm) 6.497 umol g ' h™* 75

In spite of all these advantages, the CQD-based photocatalyst
faces some challenges, which are discussed in the next section.

Further, there are many other photocatalysts that have been
developed apart from CQD/semiconductor-based photo-
catalysts. The ternary composite composed of black phospho-
rous/Tiz;C, MXene/MBene heterojunctions was developed by
Zhu et al.”® The TEM (Fig. 12(A)) and HRTEM (Fig. 12(B)) images
showed smooth and irregular edges, and demonstrate the
presence of black phosphorus, Ti;C, and MBene in tertiary
nanocomposites. The tertiary black phosphorous/Ti;C,/MBene
depicted a hydrogen production rate of 8623.5 umol g~* h™"

23416 | RSC Adv, 2024, 14, 23404-23422

which was 15.63, 2.57 and 1.43 times higher than that of black
phosphorous,  black  phosphorous/Tiz;C, and  black
phosphorous/MBene respectively. The wavelength-dependent
hydrogen production by tertiary black phosphorous/Ti;C,/
MBene nanocomposites is shown in Fig. 12(D). The tertiary
nanocomposite showed hydrogen production predominantly in
the visible region and also in the near-infrared region, show-
casing its efficient utilization as a hydrogen production
photocatalyst.

The defect-engineered tri-coordinated nitrogen vacancy-
modified graphitic carbon nitride showed a photocatalytic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.12 (A) TEMimage, (B) HRTEM image, (C) hydrogen production (red line = 2 = 420 nm; blue line = full spectrum; black line = near IR) and (D)

wavelength-dependent photocatalytic hydrogen production of the black phosphorous/TisC,/MBene tertiary nanocomposite. This figure has
been reproduced from ref. 78 with permission from Elsevier, Copyright 2024.

hydrogen production rate of 5.45 mmol g ' h™*, which was 7.89
times higher than that of pristine graphitic carbon nitride.”
The nitrogen vacancies create defect levels below the conduc-
tion band of graphitic carbon nitride shortening the distance
for photogenerated charge carriers, thereby increasing the
photocatalytic hydrogen production. Moreover, these interme-
diate defect levels absorb H* reducing the Gibbs free energy for
photocatalytic hydrogen production and also created an electric
field on melon chains, thereby accelerating the charge transfer
process, which in turn enhances the photocatalytic hydrogen
production.” Hyeon et al.®® have developed a floatable nano-
composite which can produce hydrogen of 163 mmol h™" m~>
when embedded in Pt/TiO, in comparison to 77.2 mmol h™*
m~? when submerged in Cu/TiO, nanocomposites.®* Takanabe
et al.® have developed Al-doped SrTiO; decorated with TiO, and
TaO, membranes having a thickness < 3 nm. The results
demonstrated the high-pressure tolerant vapor-fed photo-
catalytic water splitting using developed photocatalysts for
efficient, durable and scalable hydrogen production.® Hydro-
genated TiO, was developed using wet chemistry strategies with
switchable controlled defects, showcasing high photocatalytic
hydrogen production.** The developed hydrogenated TiO,
produced hydrogen of 142.9 pmol h™" under UV-visible light
which is 60 times higher than that of C-rutile TiO,. The exper-
imental results along with the theoretical results revealed that
the improvement in photocatalytic hydrogen production of

© 2024 The Author(s). Published by the Royal Society of Chemistry

hydrogenated TiO, was due to the modified electronic structure
and band structure of TiO,.**** Kosco et al.*® have developed two
separate organic semiconductor-based heterojunction nano-
particles composed of donor polymer PBDB-T-2F (PM6) with
either the narrow band gap non-fullerene acceptor BTP-4F (Y6)
or fullerene®-phenyl C71 butyric acid methyl ester (PCBM). The
efficient separation of exciton takes place at the donor-acceptor
heterojunction within the nanoparticle, resulting in the
extended lifetime of charge carriers even in the absence of Pt or
ascorbic acid.

As it can be noticed in the above discussion, the photo-
catalyst for hydrogen production under UV-visible light may be
a donor or acceptor or a heterojunction composed of two
materials which must be designed to make it both the donor
and the acceptor. Nevertheless, in CQD/semiconductor-based
photocatalysts, CQDs serve as both the acceptor and the
donor. Under UV light illumination, CQDs serve as the acceptor
and under visible light illumination, CQDs serve as the donor,
making the photocatalyst efficient and best suited for hydrogen
production compared to other photocatalysts.

4. Challenges in photocatalyst design

The challenges involved in designing CQD/semiconductor-
based photocatalysts are summarized in Fig. 13.

The CQD/semiconductor-based photocatalysts have several
challenges in producing hydrogen by photocatalytic water

RSC Adv, 2024, 14, 23404-23422 | 23417
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4 CHALLENGES AHEAD!!

Fig. 13 Challenges of CQD/semiconductor-based photocatalysts.

splitting such as the recovery of photocatalysts, safety issues
with cogeneration of hydrogen and oxygen, and less conversion
efficiency of solar to hydrogen (STH).*”*® The current overall
STH conversion efficiency is ~5% and the commercial viability
of this technology requires a STH conversion efficiency of
~10%.* Some of the crucial challenges are listed below.

(1) Several photocatalysts are active only under UV light due
to its large bandgap. To be of practical use, the light absorption
and hydrogen conversion rate of the catalysts should be within
the visible light spectrum.

(2) visible light accounts for ~43% of the solar radiation on
the surface of the earth compared to ~3-5% of UV light.
Consequently, the optimal photocatalyst should operate in the
visible-light spectrum with a bandgap less than 3 eV.

(3) High photogenerated charge carrier recombination rate
and poor charge separation and transport.

(4) Poor stability of the photocatalysts under the reaction
conditions, photo-corrosion, oxidation, agglomeration, or
deactivation after the photocatalytic reaction.

(5) The back reaction in the photo-reactor to form H,O from
the evolved hydrogen and oxygen gases.

5. Summary and perspectives

The photocatalytic hydrogen production wusing CQD/
semiconductor-based photocatalysts is an alternative to the
depletion of fossil fuels. The semiconductors suffer from wide
band, fast recombination of photogenerated electron-hole
pairs, and photo corrosion, and are unable to be active in the
visible region. The coupling of semiconductors with CQDs will
enhance the efficiency of photocatalytic hydrogen production.
CQDs serve as the electron reservoir under ultraviolet light
illumination and the photosensitiser for semiconductors under

visible light illumination. The coupling of CQDs with

23418 | RSC Adv, 2024, 14, 23404-23422
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semiconductors decreases the band gap, suppresses the
recombination of photogenerated electron-hole pairs,
increases the lifetime of photogenerated charge carriers, and
increases the cycling stability, thereby making the CQDs/
semiconductor promising for practical applications. Further,
the doping and co-doping of CQDs enhance the photocatalytic
hydrogen production of the CQDs/semiconductor as dopants or
co-dopants provide some additional energy levels above the VB
of CQDs, leading to a shift of the Fermi level towards the CB,
thereby transferring photogenerated electrons faster. Further,
the hydrogen production efficiency of the CQDs/semiconductor
can be improved by co-doping three heteroatoms to CQDs,
introducing co-catalysts. Despite all these, there are still
numerous opportunities to explore the immense applications of
CQDs for energy conversion and energy storage.
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