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Abstract: There is increased interest in the conversion of solar energy into green chemical energy
because of the depletion of fossil fuels and their unpleasant environmental effect. Photocatalytic
hydrogen generation from water involves the direct conversion of solar energy into Hj fuels, which
exhibits significant advantages and immense promise. Nevertheless, photocatalytic efficiency is
considerably lower than the standard range of industrial applications. Low light absorption efficiency,
the rapid recombination of photogenerated electrons and holes, slow surface redox reaction kinetics
and low photostability are well known to be key factors negatively affecting photocatalytic hydrogen
production. Therefore, to construct highly efficient and stable photocatalysts is important and neces-
sary for the development of photocatalytic hydrogen generation technology. In this review, quantum
dots (QDs)-based photocatalysts have emerged with representative achievements. Due to their
excellent light-harvesting ability, low recombination efficiency of photogenerated electrons and holes,
and abundant surface active sites, QDs have attracted remarkable interest as photocatalysts and /or
cocatalyst for developing highly efficient photocatalysts. In this review, the application of QDs for
photocatalytic H, production is emphatically introduced. First, the special photophysical properties
of QDs are briefly described. Then, recent progress into the research on QDs in photocatalytic H,
production is introduced, in three types: semiconductor QDs (e.g., CdS, CdMnS, and InP QDs), metal
QDs (e.g., Au, Pt and Ag QDs), and MXene QDs and carbon QDs (CDQs). Finally, the challenges and
prospects of photocatalytic H, evolution with QDs in the future are discussed.

Keywords: quantum dots; quantum effect; photocatalyst; hydrogen evolution; light harvesting;
charge transfer; solar fuel

1. Introduction

With the increase in energy demands and environmental pollution, it is imperative
to develop new approaches to acquiring environmentally friendly energy. Hydrogen has
attracted remarkable interest as one of the most green and renewable energy sources to
substitute non-renewable energy, such as fossil fuels. At the same time, solar energy is also
a clean, sustainable and renewable natural energy. The conversion of solar energy into
hydrogen fuels has been regarded as one of the most eco-friendly strategies to substitute
fossil fuels, and it will greatly alleviate the global energy crisis and environmental pollu-
tion [1-5]. Therefore, hydrogen production from water splitting has attracted more and
more attention from researchers [6-10]. However, the technology is still far from industrial
applicability due to its low phtocatalytic efficiency. The development of efficient photocata-
lysts for Hy evolution is crucial for the realization of a sustainable energy future. Ongoing
research in this field focuses on improving the efficiency, stability, and cost-effectiveness of
photocatalytic systems to make them commercially viable and scalable.

In general, three major steps are involved in photocatalytic H, production: (1) light
absorption by the semiconductor to generate electrons and holes; (2) photogenerated
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charge separation and migration; and (3) the photogenerated electrons are reacted with
water to produce hydrogen (Figure 1) [8,10]. These three processes determine the overall
photocatalytic efficiency of water splitting. The key challenge in photocatalysis is to design
semiconductor photocatalysts that can efficiently absorb light, allow photogenerated charge
carriers’ separation and transfer, and drive the chemical reactions needed for H, production.
An effective method to reduce recombination and facilitate the surface reaction required
for H, production involves the cocatalyst loading strategy, undertaken to improve the
photocatalytic efficiency of Hy evolution reactions. A cocatalyst attached to a semiconductor
photocatalyst is well known to play important roles in high-efficiency photocatalytic water
splitting for H, production:

(i) The cocatalyst can improve light absorption;

(ii) The cocatalyst can reduce the activation energy or overpotential of the H, generation
reaction, leading to a fast surface reaction;

(iii) The cocatalyst can boost the photogenerated charge carriers’ separation and transfer;

(iv) The cocatalyst can suppress photocorrosion and increase the durability of the photocatalyst.

H,

H,0

Figure 1. Schematic of water splitting over semiconductor photocatalysts. (1) the light absorption
and the formation of the photogenerated electron-hole pairs; (2) the photogenerated carriers migrate
to the surface of semiconsuctor; (3) the photogenerated carriers participate the surface reactions.

Typical Hy evolution cocatalysts include noble metals such as Pt, Au, and Ag, and
transition metals such as Co, Ni, and Cu, as well as transition metal sulfides or phosphides
(e.g., MoSy, WS, NiS, Nip P, CoP, and FeP and so on), which can trap photogenerated electrons
and provide the additional active sites for hydrogen generation. Particularly, noble metals
such as Pt nanoparticles, when used as cocatalysts, also have an important promotional effect
on the optical properties of the photocatalyst, affecting the surface plasmon resonance (SPR),
which could significantly enhance the photocatalytic H, generation efficiency.

Notably, the band gap and CB and VB levels are the most important factors determining
the performance of a photocatalyst. Generally, the photocatalytic H, generation reaction is
a thermodynamically feasible process when the CB level of a semiconductor photocatalyst
is more negative than the reduction potential of H+/Hj [11]. Therefore, to achieve efficient
Hj; evolution efficiency, a semiconductor photocatalyst must fulfill several requirements:
(i) high visible light utilization; (ii) low recombination of charge carriers; (iii) the CB level
should be greater than the hydrogen reduction potential (H+/Hj) level; (iv) it should be
stable under extreme environments, and (v) cost-effectiveness. Much effort has been devoted
to the search for a photocatalyst that can satisfy these requirements [12-14]. Recent advances
have revealed that quantum dots (QDs) demonstrate promise for use in the photocatalytic
H; evolution reaction because of their unique optical-physical properties, including a good
light absorption coefficient, quantum confinement effect, and optical stability.

Due to the quantum-confined effect, QDs have demonstrated promise in efficient
photocatalytic reactions. Compared to bulk semiconductor materials, semiconductor QDs
show band-gap tunability, good visible light absorption, and more active sites. QDs are
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defined as a class of quasi-zero-dimensional (0D) nanoparticles. The exciton Bohr radius is
a critical length scale for QDs, as it defines the size range over which QDs exhibit quantum
confinement effects. For a given material, QDs must be smaller than this radius so as
to exhibit molecular-like behavior [15]. The photophysical properties of QDs, such as
absorption, emission wavelength, and quantum yield, can be tuned by controlling their
size. As the size of the QDs decreases, the bandgap increases due to quantum confinement,
leading to a blue shift in absorption and emission spectra. As the size of the QDs increases,
their energy levels begin to merge and form bands similar to those in bulk semiconductors.
This leads to properties that are more typical of traditional semiconductor materials, such
as a broad emission spectrum and less pronounced quantum confinement effects. As
mentioned, Figure 2 illustrates the transition of electronic energy states from discrete
molecules to a bulk material, with QDs lying in between these two extremes [16]. In
semiconductor QDs, the electron and hole energy states are discrete and regular. Owing to
quantization, the band gap of semiconductor QDs is enhanced in comparison with that of
bulk semiconductors, with the CB and VB energy levels moving up and down, respectively.
Then, the redox potentials of H, generation within QDs are easily adjusted by particle size
regulation, and quantum confinement endows semiconductor QDs with tunable driving
forces to make a majority of the redox reactions thermodynamically feasible. Besides this,
compared to bulk semiconductors, QDs exhibit a short electron-hole diffusion distance due
to their small size, facilitating the efficient migration of the charge carrier and weakening the
adverse effects of interior recombination centers [14,17,18]. Moreover, the abundant surface
active sites in QDs speed up the surface reaction, and then enhance the phototcatalytic
performance. At the same time, the electron transfer (ET) route of semiconductor QDs is
flexible, and can be used for the spatially restricted close interactions between electron
donor-acceptor sites [19].
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Figure 2. A schematic representation of the electronic energy states of discrete molecules, nanocrystals,

HOMO

and bulk semiconductor materials. Reprinted with permission from Ref. [16].

The quantum confinement effect in QDs has given rise to several fascinating opto-
electronic features, leading to good visible light absorption, the rapid migration of charge
carriers, and low reduction potentials, which are extremely important for photocatalytic
H; production [20]. Except for semiconductor QDs, other photoactive metal or metal-oxide
QDs and carbon QDs (CQDs) are also potential candidates, as they rely on sunlight for
photocatalytic water splitting. In particular, CQDs are promising candidates for use in the
development of photocatalysts [21-24], which include delocalized conjugated 7t structures
that can induce the rapid migration of charge carrier, leading to promoted photocatalytic
efficiency [25-27]. Meanwhile, CQDs show the special optical property of up-conversion
fluorescene emission due to their quantum confinement [27-32], which expands the light-
utilization range and improves the photocatalytic efficiency [23,25].

This review summarizes the recent research progress in the application of QDs for
photocatalytic Hy production. The applications of QDs are categorized into three types:
semiconductor QDs (e.g., CdS, CulnS,, and InP), metal QDs (e.g., Ag, Au, and Ni), and
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carbon QDs. Finally, challenges and prospects associated with the application of QDs for
photocatalytic H production in the future are discussed.

2. Quantum Dots-Based Photocatalyst for Hydrogen Evolution

By summarizing the application of QDs in photocatalytic hydrogen production in
recent years, it has been found that the application of QDs in photocatalytic hydrogen
evolution can be divided into three categories, which are the use of single semiconductor
QDs as photocatalysts; semiconductor-quantum-dot-based hybrid photocatalysts; metal
QDs and MXene QDs used as cocatalysts; carbon QDs-based hybrid photocatalysts. Table 1
provides a detailed summary of the reported examples of the QDs utilized for photocatalytic

H, generation.

Table 1. Cases of recently reported QDs-based photocatalysts used for photocatalytic H, generation.

. . . Referenced QDs
Photocatalyst Cocatalyst Reac‘tlon Light H, Geneff h?? Sample/Enhancement Ref. Size
Medium Source (mmol h—1g~1) a
Factor (nm)
300 W Xe lamp
ZnCdS QDs NaySOj3 and Na,S (A > 420 nm) 3.70 bulk ZnCdS/5.2 [33] 45-7.8
- LED light source
CulnS QDs ascorbic acid (470 nm) 116 Cu,S/18 [34] 3
8%’:71\4003359 Na;50; and NayS 300 W Xe lamp 0.911 MoSe; B5] 3
CdS QDs NaySO3 and Na,S 300 W Xe lamp 0.410 Bulk CdS/5 [36] 6
g%ie/ CdS/Zn5 Na,SO; and Na,S 300 W Xe lamp 0.195 CdSe QDs/6.32 [37] 7.2
- 500 W Hg lamp
CdSe QDs/g-C3Ny L-ascorbic acid (A > 420 i) 0.615 g-C3Ny /76 [38] 2-3
300 W Xe lamp
CdCO;/CdS QDs NaySOj3 and Na,S (A > 420 nm) 1.93 [39] 5
CdS L 300 W Xe lamp )
QDs/Pt/In,Os Pt/In,O3 Lactic acid (A > 420 nm) 1.03 [40]
Triethanolamine 300 W Xe lamp )
CulnS, QDs/CN (TEOA) O > 420 am) 1.92 CN/2.6 [41] 5
ZnAgInS QDs/2D I 300 W Xe lamp ) N
MoS, nanosheet Ascorbic acid (A > 400 nm) 40.1 [42] 3-5
CdSe QDs/WS, .. 300 W Xe lamp )
nanosheet Lactic acid (A > 420 nm) 14 [43] 7-8
Colloidal
CdS/CdSe Ascorbic acid 300 W Xe lamp AQY?:309%  CdS core/1.49 [44]
(A > 420 nm)
core/shell QDs
. . 300 W Xe lamp -
NiS QDs/g-C3Ny NiS QDs TEOA (A > 420 nm) 0.484 pristine g-C3Ny /45 [45]
MoS;- 300 W Xe lamp )
QDs/ZnlnyS, MoS,-QDs  TEOA (A > 420 nm) 7.15 pure ZnlnyS, /9 [46] 8
MoS,-QDs/ g- ; 300 W Xe lamp )
O, MoS,-QDs  TEOA 0> 420 nm) 1.97 g-C3N4/6.6 [26]
o 300 W Xe lamp Bulk Co304 (No
Co304 QDs 50 vol% ethanol (A > 420 nm) 1.1 activity) [47] 3-4
0D Co3S4 QD/2D 300 W Xe lamp g-C3Ny )
g-C3Ny nanosheets Cos54 QDs  TEOA (A > 400 nm) 205 nanosheets/555 [48] 24
Co304 QDs/TiO, o 300 W Xe lamp .
nanobelts Co3S4 QDs 10 vol% methanol (cut by 1.5 AM filter) 1.74 TiO, nanobelts/1.3 [49] 3
NiO QD/TiO, NiO QDs 10 vol% methanol 300 W Xe lamp 1.35 pure TiO, /56 [50] 2
NiyP QD/red P NipP QDs 10 vol% methanol 200 W Xe lamp 0.27 Red P/38.5 [51] 7

(A > 420 nm)
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Table 1. Cont.
Photocatalyst Cocatalyst 15;:;23;‘ ]S“i)gul;tce (annﬁ)elieff tgi?‘f) g:if;?g/ﬁie:hancement Ref. 212:
actor (nm)
Ni,P QDs/g-CsN; NipP QDs  TEOA ?fozvgé‘;lﬁf)np 151 pure g-C3N, /11 [52] 45
gggN4@Ti3C2 TisC, QDs  TEOA SNl 512 g-C3N4 /26 (53]
Au QDs/ rs;’;;“r‘ess AuQDs  NaySand NaySO; ?}?OZVLEEHII?ITP 0.60 CdSnanospheres/1.8  [54] 3.5
AgQDs/g-CsNy  AgQDs 20 vol% methanol f’fozvgéenﬁ‘)“p 0.0181 g-C3Ny /4.6 [55]
CDs/g-CsNy CDs TEOA f’fozvizéenﬁ‘;‘p 2.34 -C3Ny /46 6] 4
CQDs/g-CsNy cQD Methanol ?fg"l’zﬁenﬁr)“p 3.54 g-C3Nj nanotubes/25 28]
CQDs/TiO, CQDs Methanol (5}?02"15%&31?;“ lamp 5 5085 TiO, /4 [30] 46
P-TCN ¢/GQDs GQDs 20 vol% methanol (37(\) ()Zvizéenﬁf;lp 1.12 bulk carbon nitride/9 [57]
éngMCQDS/ & Ag/CQDs  TEOA ?fi‘%?iﬁ;“p 0.627 g-C3Ny /6.7 58] 259
Pt QDs/BiOBr Pt QDs Na,S and NaySOs3 300 W Xe lamp 0.0320 BiOBr/143 [59]
Ni QDs/CdS Ni QDs Lactic acid ?}?g‘fzgignp 103 CdS/30 0] 51
CdS QDs/UiO-66 NayS and Na,SOs (Zfi ‘fzé(ii%ht 15.32 g{o);fc 45253 6] 1
ggii CosBinls MoS, QDs Efé%oz mixed (3}?2 ‘fzgii;“f’ 6.09 Cs3Bislo /9.8 621 25
N-GQDs/PUCNY  N-GQDs  TEOA ff;‘g’oﬁenﬁr;‘p 0.529 PUCN/208 163]

2 Compared with the reference sample, the enhancement factor of the photocatalytic performance. b AQY:
apparent quantum yield. ¢ P-TCN: phosphorus-doped hexagonal tubular carbon nitride. ¢ 0 D nitrogen-doped
graphene quantum dots (N-GQDs) on 2D porous ultrathin carbon nitride (PUCN).

A semiconductor particle smaller than its Bohr exciton diameter can exhibit quantum
confinement effects, which distinguish QDs from their bulk counterparts. In this case, the
charge carriers become spatially confined, such that the energies of photogenerated elec-
trons and holes are increased. As shown in Figure 3a, bulk CdSe has a moderate bandgap
(Eg =1.74 eV), while 2.0 nm CdSe particles have a notably large bandgap (2.88 eV). The
conduction band energy (Ecp) is increased (electrons in the conduction band become more
reduced), and the valence band energy (Eyp) is decreased. Smaller QDs are thus expected to
more easily engage in interfacial electron transfer with Hj evolution cocatalysts than larger
QDs. Indeed, according to Marcus theory, quantum confined systems can exhibit high rates
of interfacial charge transfer owing to the increased energies of confined electron—hole pairs,
which is of benefit to applications in solar-to-fuel conversions, such as artificial photosyn-
thetic Hy evolution. While bulk CdSe and 6.0 nm QDs are not excellent photocatalysts, the
smaller particles are, with their normalized rate of H; evolution increasing when smaller
QDs are used (Figure 3b). Therefore, it is clear that optimizing QD size distribution is an
effective and facile pathway to increasing the rate of solar H, evolution from QD-based
photosystems [15].

Semiconductor QDs typically comprise group II-VI, III-V, or IV-VI elements. In a
majority of cases, semiconductor QDs serve as light absorbers to capture solar light during
photocatalytic reactions. Moreover, owing to the small size of QDs, they exhibit not only a
short electron-hole diffusion distance that facilitates the efficient separation of electron-hole
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Potential (V vs NHE)

pairs and weakens the adverse effect of interior recombination centers, but they also show
also abundant surface sites that accelerate Hy production.
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Figure 3. Quantum confinement effect in controlled photocatalytic Hy evolution. (a) The potentials of
the conduction and valence bands of CdSe change as the sizes of the particles vary from nanoscale to
bulk. The upper circles illustrate the corresponding size variation. (b) The relative photocatalytic
Hj, evolution rates are normalized with regard to photocatalyst sizes. Reprinted with permission
from Ref. [15].

2.1. Single-Semiconductor QDs as Photocatalyst

Just like the traditional semiconductor photocatalyst, semiconductor QDs alone can
directly act as a photocatalyst in the H, evolution reaction; at the same time, they can
also combine with other semiconductors or photocatalysts for use as materials to pre-
pare hybrid photocatalysts for H, evolution reactions, which we will discuss in the next
part. Transition metal sulfide quantum dot nanocrystals with large absorption coefficients,
abundant active sites and quantum-limited domain effects are emerging as solar energy
utilizers [64]. As well-known IIB-VI semiconductors, CdS photocatalyst systems have
been extensively investigated for use in photocatalytic H, generation from water because
of their special advantages, including their controllable morphology and suitable band
gap. Hydrothermal and solvothermal methods are commonly used for the preparation
of CdS [65-68]. However, one of the more challenging aspects is the fast recombination
of photogenerated charge carriers on the bulk CdS photocatalyst, which can easily lead
to low phtocatalytic activity [69,70]. In this regard, CdS QDs with small particle sizes
shows unique advantages, including the rapid migration of photogenerated electrons to
the surfaces of CdS, the abundance of surface active sites, and the quantum confinement
effect, which could effectively promote the separation efficiency of photogenerated charge
carriers and further enhance the photocatalytic performance; therefore, the application of
semiconductor QDs is extensive in photocatalytic Hy production [71,72].

For example, Jiang et al. [36] reported that mono-metal sulfide (MS) (M = Cd, Zn) QDs
prepared via a modified gel crystal growth method exhibit higher H; evolution rates than
those of bulk MS, corresponding to the synergistic effects of the QDs and the hydrogel. MS
QDs demonstrate unique light absorption due to their extremely small size, compared with
bulk MS photocatalysts. The unique up-conversion fluorescence effects of MS QDs extend
the light absorption range and maximize the light absorption efficiency. Similarly, Fan
et al. [73] employed a simple effective method to enhance the photocatalytic H, evolution
of CdSe QDs; after the surface modification with partial coverage of ZnS, the CdSe QDs
exhibited high photocatalytic activity with a H, generation rate of 306.3 pmol mg—'-h~1. Li
et al. [74] reported that the fluorescence efficiency of molybdenum disulfide quantum dots
(MoS; QDs) could be improved by monoatomic metal (Au, Ag, Pt, Cu) modification, and
the fluorescence emission of MoS, QDs was enhanced by a factor of 4 under monoatomic
Au modification.



Appl. Sci. 2024, 14, 5333

7 of 20

Compared to mono-metal chalcogenide QDs, multi-metal chalcogenide QDs can effi-
ciently adjust the band gap through composition control, improving visible light utilization.
Thus far, various ternary QDs, such as CdMoSe, CdTeSe, and CdZnSe, have been thor-
oughly investigated [35,75-77]. The light absorption and band gap of Cd;_4Zn,S as a
representative can be tuned by the alteration of cationic mole ratios [78]. Similarly, Han
et al. [35] prepared aqueous ternary CdxMo;_Se QDs via the modulation of the metal
content, and revealed that the doping of Mo promotes the migration of photogenerated elec-
trons of CdSe QDs, and leads to high photocatalytic activity. Moreover, the Cdg ¢7Mog 335€
QDs exhibited good stability in recycling tests.

Li et al. [34] reported that the CulnS, QDs with Ru can be used as cocatalysts for pho-
tocatalytic H, generation, and their photocatalytic performance has been greatly improved,
with an apparent quantum yield of 4.7% with Ru deposited on the surface of CulnS, QDs.
Chen et al. [79] reported a facile method for the controllable preparation of ZnCdS QDs.
The as-obtained Zng 5Cdg 55 QDs with suitable particle sizes, appropriate band matching,
and abundant active sites facilitated the separation and transportation of charge carriers
and exhibited significantly strong photocatalytic performance.

Perovskite semiconductor QDs have attracted much attention due to their excellent
light response and photoluminescence properties that are valuable for photocatalytic Hp
production. For instance, Fan et al. [80] prepared CuxInyS QDs via a hot-injection method,
and the CuxInyS QDs with optimized stoichiometric ratios of Cu and In achieved a maxi-
mum H, production rate of 256 mmol g~!-h~!. Another kind of perovskite semiconductor
QDs is represented by CsPbBrz QDs. Notably, the photocatalytic H, production was sig-
nificantly affected by the surface ligands of CsPbBrz QDs. For example, Xiao et al. [81]
regulated the surface ligand density to optimize the photocatalytic performance. Under
visible light irradiation, CsPbBrs QDs/Pt-TiO, with different thicknesses of the protective
layer showed totally differently photocatalytic activities and selectivities. Meanwhile, Song
etal. [33] reported that the monodispersed CsPbBrz QDs@PANI prepared by the photopoly-
merization method showed excellent properties in relation to photocatalytic water splitting
performance, with the aid of the conductive polymer PANI as the encapsulating material.

2.2. Semiconductor-Quantum-Dot-Based Hybrid Photocatalyst

Similar to a majority of conventional semiconductor photocatalysts, the photocatalytic
performance of single-semiconductor QDs alone is typically limited. One of the most
important reasons for this is that the short electron-hole diffusion distance in small-sized
QDs easily leads to the recombination of the photogenerated charge carriers before their
migration to the surface active sites. Other causes may include a low light-harvesting
capability, and the slow kinetics on the QDs” surface. To address these issues, researchers
have realized that utilizing semiconductor QDs alone is insufficient for achieving efficient
photocatalytic H, evolution. Therefore, a hybrid photocatalyst consisting of semiconductor
QDs and other chemical materials has been developed and prepared, which exhibits
some unique characteristics, such as good solar light utilization and the rapid migration
of photogenerated charge carriers; thereby, an improved photocatalytic Hy generation
efficiency can be obtained from the hybrid photocatalyst.

2.2.1. Metal-Chalcogenide-QD-Based Hybrid Photocatalyst

Various IIB-VI semiconductor QDs are frequently used to form composites with other
semiconductor photocatalysts to enhance the photocatalytic activity in the visible spec-
trum due to their special optical-electrical and size-tunability properties, corresponding to
quantum confinement effects, which can solve issues of low solar energy utilization and
high carrier recombination, in turn achieving the band structure engineering of semicon-
ductors and improving the photocatalytic efficiency [72,82-85]. For example, CdS QDs
have been combined with g-C3Ny4 to improve photocatalytic hydrogen evolution efficiency.
Cao et al. [85] reported a strategy of growing CdS QDs in situ on a g-C3Ny nanosheet
surface, leading to the formation of a contact interface between g-C3Ny and CdS QDs,
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in turn leading to the effective charge carriers’ separation on both parts. On the other
hand, the hybrid photocatalyst showed an increased number of photocatalytic reactive
sites. Consequently, the resultant CdS QD/g-C3N, demonstrated significantly enhanced
photocatalytic performances compared with pure g-C3Ny. Jiao et al. [86] synthesized a
novel MoS; quantum dot-modified g-C3N4 nanosheets/n-doped carbon dot heterojunction
photocatalyst via the thermal polymerization and subsequent solvothermal method. The
photocatalytic hydrogen precipitation rate of the composite was 212.41 umol g=! h~1,
which is 53 times higher than that of g-C3N4/Mo0S,-3%.

Similarly, Ge et al. [13] reported that g-C3Ny decorated with CdS QDs exhibits effective
photocatalytic performance with a H, evolution rate of 17.27 umol-h~! under visible light
irradiation. This value is 9 times that of pure g-C3Ny, corresponding to the efficient
separation and transportation of the photogenerated charge carriers. Moreover, the CdS
QD/g-C3Ny4 composite exhibits red-shift and strong absorption in the visible light region
due to the introduction of CdS QDs.

Zhu et al. [87] deposited CdS QDs on TiO; nanotube arrays (TNTAs) for visible-
light-driven hydrogen production. The optimal CdS-TNTA sample exhibited the highest
activity for H, generation, which can be explained by the fact that the introduction of CdS
QDs could effectively enhance the visible light absorption and charge separation. How-
ever, excess CdS QDs easily lead to the formation of CdS particles. Similarly, with CdSe
QDs, Chen et al. [88] synthesized and carefully characterized {001}-TiO,/CdSe QD and
{101}-TiO, /CdSe QD composites using mercaptopropionic acid as the linker. The photo-
catalytic activity of {001}-TiO, /CdSe QDs is greater than that of {101}-TiO,/CdSe QDs in
relation to photocatalytic H, generation because of the fast migration of photogenerated
electrons from the QDs to the {001}-TiO5.

Pan et al. [40] reported a series of CdS QD/Pt/oxides for use in photocatalytic H
evolution, which exhibited superior photocatalytic performance to Pt/CdS, Pt/GaO3, and
Pt/In;O3. Among these, CdS/Pt/In,O3-U demonstrated the highest photocatalytic activity
and excellent stability due to the fast separation and transfer of the photogeneraed charge
carriers with the aid of CdS QDs.

In addition, ternary metal sulfide is a conventional photocatalytic hydrogen pro-
duction catalyst; therefore, several researchers have investigated the combination of CdS
QDs with ternary metal sulfide to improve the hydrogen evolution activity. For example,
Hou et al. [72] reported that CdS QD/graphene/Znln,Ss composites exhibit excellent pho-
tocatalytic performance, with a H, production rate of 2.7 mmol-h~!, due to the improved
light absorption ability and the facilitated migration of photogenerated electrons resulting
from the combination of CdS QDs and ZnIn,Sy. At the same time, the as-synthesized
CdS QD/graphene/ZnIn,S4 composite displays good stability, resulting from the high
hydrothermal stability and the strong interaction between CdS QDs and ZnIn,Sy.

Yu et al. [89] prepared a CdS QD-sensitized Zn;.,CdyS composite via a simple ion
exchange route, and reported the especially high visible light photocatalytic Hy production
rate of 2128 pumol g~!-h~!; this value is 53 times higher than that for CdS. It is also
considerably greater than that for Pt/ ZnS under both ultraviolet and visible light irradiation.
The blue-shift in the absorption spectrum confirms the quantum size effect exhibited by
CdS QDs; the introduction of CdS QDs modifies the energy levels of the conduction band
(CB) and the valence band (VB) within the combined semiconductor structure, which
facilitates electron transfer (ET) and amplifies the photocatalytic efficiency.

Larsen et al. [90] proposed a CdSe/CdS QDs core/shell heterostructure via the growth
of a layer of CdS on the surface of the CdSe QDs, and reported significantly improved
hydrogen evolution efficiency. Transient absorption spectroscopy revealed the presence
of several deep trap states on the pristine CdSe QD surface (Figure 4). These defect states
could not produce H; because of the lower CB level than is necessary for H,O reduction.
Through the growth of a CdS shell on the surface of the CdSe QDs, the deep trap states can
be effectively passivated. Therefore, an increased number of electrons can be maintained at
the CB and react with H+ to produce hydrogen.
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Figure 4. Schematic and photocatalytic activity of CdSe/CdS heterostructure QDs. Reprinted with
permission from Ref. [33].

Thus far, Cd-based IIB-VI QDs have been frequently applied in photocatalytic H,
generation. However, the toxicity of Cd may limit their further application. Therefore,
researchers have gradually developed Cd-free QDs to replace Cd-based QDs, and some of
these QDs have provided impressive results that are comparable to those of Cd-based QDs.
For instance, Xue et al. [71] reported a NiS, QDs/g-C3Ny composite with the NiS, QDs
anchored on g-C3Ny nanosheets, exhibiting a significantly high photocatalytic efficiency
with the hydrogen generation rate of 4.841 umol-h~!, which value is nearly two times
greater than that of the Pt/g-C3Ny photocatalyst. Moreover, the composite exhibits high
stability. From the results, we can see that NiS; QDs act as a cocatalyst to improve the
photogenerated charge carriers’ separation efficiency, and to increase the surface’s active
sites, leading to accelerated H, generation.

Complex I-1II-VI QDs, such as CulnS; and ZnS-AgInS, QDs, have been widely stud-
ied for use in photocatalytic Hy evolution. The traditional method of preparation for
ternary and multinary I-III-VI QDs is the hot injection method. An example of the hot
injection method of ZnxCuy-InSy 5.x+0.5y QDs is the reaction of metal acetate and sulfur in
octadecene with oleic acid and dodecanethiol used as capping reagents. Aqueous synthesis
methods are receiving more and more attention because of the promising biological and
catalytic applications of I-III-VI QDs. With mercaptoacetic acid, mercaptopropionic acid
and other thiol-containing amines/alcohols as ligands, different types of I-III-VI QDs can
be synthesized. Zheng et al. [41] synthesized CuInS; /CN heterojunctions for photocatalytic
water splitting. The photocatalytic H, evolution activity of the CulnS, /CN composite
is two times greater than that of pure CN, and the improved performance is due to the
increased efficiency in separating photogenerated electron-hole pairs and the enhanced
capacity to absorb visible light in the CulnS, /CN hybrid photocatalyst. Liu et al. [42]
reported Zn-Ag-In-S QDs combined with a 2D MoS, nanosheet for hydrogen generation.
The photoluminescence studies show the rapid migration of photogenerated charge car-
riers between Zn-Ag-In-S QDs and MoS, nanosheet, which result in a remarkably high
photocatalytic efficiency, with the H, production rate of 40.1 mmol g~!-h~!.

2.2.2. Metal-Oxide-QD-Based Hybrid Photocatalyst

Except for metal chalcogenide QDs, a variety of metal oxide QDs including CuO,
NiO, Co304, SnO,, WO3, and Bi;O3 have been explored for use as cocatalysts in the pho-
tocatalytic Hy production reaction [49,50,91,92]. In general, metal oxide quantum dots
have higher photostability than sulfide/selenide quantum dots. Metal oxide quantum
dots with low toxicity and good chemical stability have emerged as potential host cata-
lysts for photocatalytic HER [93]. Liu et al. [46] reported that a heterostructure created
by the in situ seed-directed growth of MoS, quantum dots within ZnIn,S4 not only estab-
lishes heterojunctions between MoS; and ZnIn,S, to spatially separate photogenerated
electron-hole pairs, but also provides active sites for electron trapping to promote hydrogen
evolution. Consequently, the MoS,-QD/ZnIn;S, composite achieves a high photocatalytic
H, evolution rate of 7152 umol h~!'-g~!1, which is ~9 times greater than that of pristine
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ZnIn,S,. MoS,-QDs serve as a hydrogen evolution reaction cocatalyst and an electron
transfer bridge. Similarly, Yang et al. [48] have designed and synthesized high-dispersion
transition metal sulfide (Co3Ss) QDs instead of noble metal cocatalysts to anchor onto
g-C3Ny nanosheets. As-synthesized Co3S;/g-C3Ny nanosheet (CNNS) nanohybrids ex-
hibit abundant surface active sites and the fast migration of photogenerated electrons
because of the highly dispersed cocatalyst Co3S4 QDs; therefore, the CosSs/CNNSs exhibit
a remarkably high photocatalytic efficiency, with a photocatalytic H, generation rate of
20.5 mmol/g/h, which value is 555 times higher than that of pure CNNS.

Hong et al. [50] developed a facile sacrificial coating method to fabricate a NiO
QD/TiO; heterojunction. The as-prepared NiO QD/TiO; exhibited an excellent H, evolu-
tion rate of 1.35 mmol h—'-g~!, which is 37 times greater than that of NiO/TiO,, 56 times
greater than that of pure TiO,, and even approaches that of Pt/TiO,. This excellent photocat-
alytic performance results from the small sizes of NiO QDs, which lead to a shorter transfer
distance for photogenerated carriers and more surface active sites in the NiO QD/TiO,
composite than that of NiO/TiO,. Liu et al. [49] reported that the CozO4 QD/TiO; het-
erojunction exhibits a good photocatalytic performance. The CozO4 QDs act as cocatalyst,
play dual roles in photocatalysis to improve the visible light utilization, and tune the
work function of TiO; to accelerate the H, production rate on the CozO4 QDs’ surface. In
addition, the holes in TiO, lead to the generation of oxygen. The mechanism of the overall
water splitting by the Co304 QDs/TiO, composite is displayed in Figure 5.
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Figure 5. (a) Schematic diagram of the energy band structure; (b) The mechanism by which Co30y4
QDs/TiO, achieves photocatalytic overall water splitting. Reprinted with permission from Ref. [49].

Pan et al. [92] fabricated tunable Z-scheme semiconductors comprising TiO,-supported
WO3_, QDs by in situ solvothermal and hydrogen reduction methods. The synthesized
hybrid photocatalyst exhibited improved photocatalytic performance. This improvement
could be related to the formation of W°*/VO defects at the interface, which are crucial
for the fabrication of Z-scheme photocatalysts. Lakshmana et al. [94] reported that Bi,O3
clusters@TiO, (BT) nanostructures facilitate the enhancement of the photocatalytic Hp
evolution rate. Here, as a cocatalyst, Bi;O3 favorably utilizes the excited CB electrons of
TNS. The photocatalytic activity of BT and the reproducibility of its performance for five
recycles are attributed to the efficient separation of photogenerated charge carriers.

2.2.3. Metal-Phosphide-Quantum-Dot-Based Hybrid Photocatalyst

Metal phosphides (MxPy) have attracted much attention in the context of photo-
catalyitic H, evolution from water splitting because of their low hydrogen evolution
overpotential, tunable electronic structure, high electrical conductivity, and low price. They
can not only act as photocatalysts—GalP’ and InP are well-known semiconductors—but
they can also act as cocatalysts, with NiP and Fe,P exhibiting metallic behavior. Metal
phosphide QDs are new cocatalysts that are attractive for their use in photocatalytic H
generation. For example, Liang et al. [51] reported on a NipP QD/red P nanosheet pho-
tocatalyst with a p—n heterojunction that exhibited an excellent photocatalytic hydrogen
generation rate. The results show that the internal electric field of the p—n heterojunction
and the small size of uniform Ni;P QDs lead to the improved photocatalytic activity of
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the Ni;P QD/red P nanosheets composite. During photocatalysis, the electrons in the CB
of NipP QDs are rapidly transferred to red P nanosheets, after which H* is reduced to Hj.
The photogenerated holes in the VB of red P are transferred to the Ni,P QDs, and then
oxidize the sacrificial agents (Figure 6). In addition, Ni,P QDs are synthesized and highly
dispersed on the red P nanosheet’s surface, affording abundant photocatalytically active
sites. Jia et al. [95] achieved efficient photocatalytic H, precipitation via the in situ loading
of Ni single-atom sites onto RP QDs; the presence of nickel atoms significantly lowered
the energy barrier for electron transfer in the photocatalytic process. The Ni-P sites acted
as electron antennae to attract light carriers to the solid-liquid interface, which activated
the protons to initiate the effective H, production process, resulting in a high rate of Hp
production—224-fold higher than that of the original RP QDs.
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Figure 6. The photocatalytic mechanism of the Ni,P QD/red P nanosheets hybrid used for photocat-
alytic hydrogen production. Reprinted with permission from Ref. [51].

Researchers have extensively explored InP-based photocatalysts for use in photo-
catalysis due to their adjustable band gaps, high absorption coefficients, narrow emission
line widths, and flexible composition [94,96]. Furthermore, InP exhibits a more signifi-
cant degree of covalent bonding than cadmium selenide (CdSe), resulting in decreased
electron-hole attraction and reduced photon coupling. Recently, InP quantum dots (QDs)
have been utilized for photocatalytic hydrogen (H2) production. Greta and Wu et al. [97]
have investigated InP/ZnS QDs for use in photocatalytic H, generation. By covering the
surface of the InP QD with ZnS, the hydrogen evolution rate was enhanced compared with
blank InP QDs. Under optimal conditions, an internal quantum yield of 31% at 525 nm can
be achieved.

2.2.4. Mxenes-QDs-Based Hybrid Photocatalyst

As new 2D materials, MXenes have attracted remarkable interest due to their ex-
cellent electrical conductivity, hydrophilic property, and abundant surface functional
groups [98-100]. Therefore, MXene can be used as a novel cocatalyst. As a well-known
MXene, TizC; has been widely explored for photocatalytic H, generation [53]. In particular,
0D TizCy QDs have attracted more notable attention due to their abundant active edge
sites compared with the 2D Ti3C; sheets [53,100]. Zhou et al. [101] categorized Mxene QD
synthesis methods as top-down and bottom-up, with precursors in top-down methods
typically split by physical, chemical or electrochemical methods, while bottom-up methods
use small-molecule organic and inorganic precursors, which are then converted into appro-
priately sized QDs. Thus far, Ti3C; has generally been prepared in 2D NSs and combined
with other semiconductors to enable efficient photocatalytic H, production. Few studies
have focused on the design and photocatalytic applications of TizC, QDs. Li et al. [53]
mixed and freeze-dried g-C3Ny with TizC; MXene QDs in order to use them as an efficient
catalyst for photocatalytic H, generation. The results show that g-C3N4@TizCy QDs hybrid
photocatalysts exhibit a remarkably enhanced solar light conversion efficiency, with a
H, generation rate of 5111.8 umol g~!-h~!, which is nearly 26, 3, and 10 times greater
than those of g-C3Ny NSs, Pt/g-C3Ny, and the Ti3C; MXene sheet/g-C3Ny, respectively.
Using a TizCy QD with tiny particle size as the cocatalyst led to an increased number of
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surface active sites, and improved the migration of photoexcited electrons due to the close
contact between TizCy QDs and g-C3Ny NSs; thus, the electrons could participate in rapid
photocatalytic Hy evolution (Figure 7).
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Figure 7. The photocatalytic mechanism of g-C3N4@TizC, QD composites. Reprinted with permission
from Ref. [53].

2.3. Metal-QD-Based Hybrid Photocatalyst

Recently, hybrid photocatalysts with noble metal QDs as cocatalysts are being widely
investigated by researchers [102]. Noble metal QDs such as Au, Ag, and Pt QDs can
serve as antennae to capture photogenerated electrons from the CB of semiconductor
photocatalysts, accelerate the migration of charge carriers, and consequently improve
photocatalytic efficiency [103-105]. Moreover, due to the unique localized SPR effect, noble-
metal QDs can efficiently improve the solar light absorption ability, then contribute to the
improvement of photocatalytic performance [54,55,102-107]. For instance, Kuang et al. [54]
have reported on the use of a simple hydrothermal process, followed by photoreduction,
to synthesize hybridized photocatalysts with gold quantum dots embedded in cadmium
sulfide nanospheres. The fabricated Au-CNS hybrids show an improved photocatalytic
hydrogen evolution rate. In addition, their stability is also enhanced because of the chemical
stability and the rapid migration of photogenerated electrons from CNSs to Au QDs. Here,
a rough surface and irregular fissures are crucial to anchoring Au QDs onto the CNSs, and
then the strong interaction between Au QDs and CNSs lead to the rapid separation of charge
carriers and further improve the photocatalytic efficiency. Zhang et al. [55] have reported
that Ag QDS/g-C3Ny (Ag QDs/g-C3Ny) photocatalysts exhibit a higher photocatalytic
H; evolution rate than blank g-C3Ny4 due to the extension of the solar light absorption by
coupled Ag QDs, which can act as a g-C3Ny electron reservoir for the effective separation
of photoexcited electron-hole pairs, further increasing the photocatalytic efficiency of Ag
QDS/ g-C3N4 .

2.4. Carbon Quantum Dots Based Hybrid Photocatalyst

Carbon quantum dots (CQDs) are 0D carbon nanomaterials with a conjugated 7
structure; they comprise sp?/sp® hybridized carbon atoms, and exhibit unique optical prop-
erties and electrical properties [107]. These CQDs exhibit special characteristics, including
broad optical absorption and the up-conversion of fluorescence emissions [27,29,108]. In
this regard, CQDs can be used as the cocatalyst for the photosystem, and the develop-
ment of CQDs-based photocatalysts for H, production has attracted immense attention in
recent years.

The most fundamental issues in photocatalysis include the low light absorption, fast
recombination of photogenerated charge carriers, and slow surface reaction rate within
the photocatalysts [8,59]. Here, during photocatalytic Hy generation with CQDs-based
photocatalysts, CQDs can act as a photosensitizer to improve the solar light absorption
of the photocatalysts and/or an electron reservoir to inhibit the recombination of charge
carriers, resulting in enhanced photocatalytic performance. Hence, various semiconduc-
tor photocatalysts have been combined with CQDs to enhance the visible light absorp-
tion and improve the migration of photogenerated electron-hole pairs, thus enhancing
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photocatalytic efficiency [22,24,25,27]. Moreover, CQDs can even act as single photocata-
lysts for photocatalysis [28].

For example, CQDs serve as a cocatalyst in the photocatalytic H, generation reaction.
They can reserve electrons from the photocatalyst to improve efficiency via the rapid mi-
gration of photogenerated electron—hole pairs. Typically, CQDs serve as a reservoir for elec-
trons to improve efficiency via the separation of electron-hole pairs in TiO,. Yu et al. [108]
prepared GQDs via the alkali-mediated hydrothermal method, and CQDs/(001)-faceted
anatase TiO, composites were prepared by the further hydrothermal deposition of GQDs
on (001) TiO, nanosheets for effective photocatalytic Hy evolution. The results show
that CQDs implanted into (001)TiO, sheets act as electron traps to accelerate the mi-
gration of photogenerated electron-hole pairs, further leading to the improvement of
photocatalytic performance. The CQDs/(001)TiO, hybrid photocatalyst with 5 wt. % of
CQDs exhibits a significantly higher photocatalytic performance, with the H, generation
rate of 79.3 umol g~!-h~!, which value is 8 times that of bare (001)TiO,. Moreover, the
CQDS/(001)TiO, hybrids exhibit good stability over 30 h. Similarly, Sui et al. [22] reported
that CQDS/TiO, nanosheets with (001) facets of TiO,-001 exhibit an excellent photocat-
alytic performance with a significantly higher H, generation rate and long durability. They
CQDs were synthesized by the electrochemical method and further combined with TiO,
nanosheets under heating conditions to produce CQDs/TiO,-001 photocatalysts. The
enhancement in photocatalytic efficiency is attributed to a synergistic effect between the
highly active (001) facet of TiO,-001 and CQDs; the more active facet (001) can promote
electron transfer, and the CQDs serve as an electron trap to suppress the recombination
of photogenerated charge carriers. Additionally, the integration of CQDs enhances the
absorption of visible light, as they function as photosensitizers. The formation of a Ti-O-C
bond between CQDs and TiO,-001 further leads to a yet higher photocatalytic efficiency
for CQDs/TiO,-001. Figure 8 shows the mechanism of photocatalytic H, production by
CQDs/TiO,-001 hybrids. Lv et al. [109] employed the open hollow structure and dop-
ing strategy to prepare CQDs-doped Fe/Co/Ni phosphides with a unique open hollow
structure, which enhanced the spillover rate of the gas phase, increased the number of
active centers, and achieved a significant enhancement in seawater electrolysis perfor-
mance. Wang et al. [28] reported on CQDs/g-C3Ny nanocomposites prepared by the in situ
synthesis of CQDs on the surface of g-C3Ny using urea and glucose precursors, which were
investigated for use in photocatalytic H; generation. The results show that the as-prepared
CQDs/g-C3Ny hybrids exhibited an excellent Hy evolution rate of 2.34 pmol g~'-h~1!,
which was 4 times greater than that of pristine g-C3Ny4. The enhancement in photocatalytic
activity is primarily due to the creation of a built-in electric field at the interface between
the carbon quantum dots (CQDs) and graphitic carbon nitride (g-C3Ny). This built-in
electric field significantly improves the separation of photoinduced electron-hole pairs.
Furthermore, the close integration of CQDs with g-C3Ny4 forms an effective electron transfer
(ET) channel, which enhances the photocatalytic efficiency for hydrogen (H;) production.

The up-conversion photoluminescence (UCPL) property of CQDs plays a significant
role in photocatalysis by enabling the conversion of low-energy photons to higher energy
states. This process expands the spectrum of light that is usable for photocatalytic reactions,
as it allows near-infrared (NIR) or even infrared (IR) light, which carry lower energy
than visible light, to be upconverted to a higher energy level that can be utilized by the
photocatalyst. When CQDs were combined with a semiconductor (such as g-C3Ny), the
CQDs not only extended the light response range of g-C3Ny, but also accelerated the
transfer of photoinduced charges by promoting electron excitation to higher energy levels,
where they can participate in redox reactions more effectively [58]. Moreover, CQDs
could be used as an electron reservoir to effectively improve the photogenerated charge
carriers’ separation efficiency, even in the NIR region. Wang et al. [28] have reported that
the integration of CQDs into g-C3Ny affords CQDs-implanted g-C3Ny4 nanotubes (CCTs).
Compared with those of g-C3N4 and CQDs/g-C3Ny, the PL emission intensity of CCTs is
dramatically decreased, indicating that the CQDs implanted with sp?-hybridized nitrogen
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as an electron buffer can considerably facilitate excited electron transfer; this, in turn, further
inhibits the recombination of photogenerated electron-hole pairs. Thus, the as-prepared
CCTs exhibited increased visible light absorption and decreased the energy barrier of the
H, generation reaction, showing significantly high photocatalytic performance with a Hp
generation rate of 3538.3 umol g~ !-h~!. Chen et al. [110] constructed a system of indium
phosphide quantum dots and carbon quantum dots (InP QDs/CQDs), and the average rate
of photocatalytic decomposition of hydrogen sulfide for hydrogen production in the InP
QDs/CQDs system was increased by a factor of 2.1 compared with that of InP QDs alone,
suggesting that the introduction of the CQDs could effectively improve the separation
efficiency of the photogenerated carriers.

2 H,

Figure 8. The photocatalytic mechanism of TiO,-001 and CQDs/TiO,-001. Reprinted with permission
from Ref. [22].

GQDs are special CQDs that comprise one or a few layers of graphene of a small size
(<10 nm), and exhibit various unique characteristics, including an abundance of surface
functional groups and fluorescence properties, and they can serve as cocatalysts to facilitate
the migration of photogenerated charge carriers, leading to the improvement of photocat-
alytic performance [57,111]. Moreover, GQDs can extend the light absorption range as a
result of their up-conversion luminescence property. These advantages demonstrate that
the modification of GQDs demonstrates promise in relation to the improvement of photo-
catalytic efficiency in conventional photocatalysts. Lei et al. [111] synthesized CdS/GQDs
nanohybrids with “dot-on-particle” heterodimer structures, and the as-synthesized hy-
brids exhibited a higher Hj evolution rate of 95.4 umol-h~1, which value is about 4 times
greater than that obtained by the CdS photocatalyst. As for the photocatalytic mechanism
underpinning the improved photocatalytic performance, the results reveal that GQDs act
as cocatalysts for CdS/GQDs nanohybrids, mainly acting as an electron reservoir instead
of a photosensitizer. This offers a novel understanding of the essential roles of GQDs when
used in hybrid photocatalysts for photocatalytic applications (Figure 9).

Energy versus Photosensitizer for light Electron acceptor for
vacuum level (eV) ultilization x efficient charge seperation

Figure 9. Photocatalytic mechanism of the CdS/GQDs nanohybrids. Reprinted with permission from
Ref. [111].
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Gao et al. [62] studied the effects of GQDs in GQDs-modified hexagonal tubular carbon
nitride. During photocatalysis, GQDs play dual roles as a photosensitizer and an electron
trap, which can extend the range of visible light absorption and inhibit the recombination
of photoinduced charge carriers. Therefore, the composite exhibits a significantly higher
photocatalytic efficiency, with a H, generation rate of 112.1 umol/h; this value is about
9 times greater than that of pure carbon nitride. The abovementioned photocatalytic
applications of CQDs all involve combinations with other semiconductors; in other words,
CQDs work as cocatalysts in the photocatalytic H, generation reaction, while single CQDs
have been reported to directly act as a photocatalyst. For instance, Yang et al. [112] reported
that unmodified pure CQDs (3—4 nm) in the absence of a cocatalyst are also active in
the photocatalytic hydrogen evolution reaction. The hydrogen evolution rate of CQDs
can even reach 3615.3 pmol g~ !-h~!, which is nearly 36 times that of the commercial
P25 photocatalyst under identical conditions.

3. Summary and Outlook

In summary, quantum dots (QDs) have attracted considerable research attention
from the scientific community. Compared to bulk materials, QDs exhibit various special
properties, including band-gap tunability, an improved visible light absorption ability, and
abundant surface active sites. Therefore, a great number of studies have reported on the
application of QDs as efficient photocatalysts and cocatalysts for photocatalytic hydrogen
production. This review provides a comprehensive description of the basic features of QDs,
as well as their types and applications, in relation to photocatalytic hydrogen generation.
Furthermore, semiconductor QDs serving as a single photocatalyst or in combination
with other semiconductors for photocatalytic hydrogen production have been reviewed.
Next, metal QDs and carbon QDs combined with other semiconductors for photocatalytic
hydrogen production have also been discussed in detail. When optimized in terms of size
distribution, shell materials and thickness, and surface ligands, QDs have excellent light
absorption, exciton generation and charge separation properties. As such, QDs have been
shown to be ideal components of photocatalysts. Although QDs-based hybrids exhibit an
improved photocatalytic performance, the reported optimum photocatalytic efficiency is
still not sufficient for large-scale industrial applications; thus, the new strategies set out
to develop highly efficient QDs-based composites deserve more attention. Furthermore,
the stability of QDs used in photocatalytic reaction processes is very important. QDs are
often plagued by stability in use, which stems from the fact that there are always surface
excitons. This leads to difficulties in reaching the ideal state during the cyclic testing of
QDs. To overcome this drawback, the controlled assembly of two or more components
has been investigated to enhance the stability of QDs’ properties and structures, and to
overcome some of the disadvantages of using single materials. As reported by Lietal. [113],
CuO QDs were encapsulated in the pores of MIL-125(Ti) MOF and further combined
with g-C3Ny to form a composite photocatalyst. Benefiting from the protection of the
MIL-125(Ti) framework, the stability of the composite photocatalyst in the reaction system
was significantly improved. In addition, the quantum confinement effects of QDs make
them attractive for use in various applications, such as photocatalytic hydrogen generation,
CO; photoreduction, optoelectronic applications, lithium-ion batteries, and solar cells. It
can be observed that band energies can be tuned by controlling the particle sizes of QDs
according to the quantum confinement effects of QDs, opening up new avenues to enhance
the photocatalytic efficiency.

However, the design and study of QDs-based photocatalysts are still challenging as a
result of several aspects, e.g., the up-conversion fluorescence effect of QDs, the structure—
activity relationship and the structural engineering of QDs-based photocatalysts still need
to be studied in depth. Future investigations may focus on the exploitation of novel QDs
for efficient photocatalytic H, generation. In addition, the mechanisms determining the
role of QDs in QDs-based hybrid photocatalysts are not very clear; in order to discern
how they operate during photocatalytic reactions, more efforts must be made. Notably,
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QDs-based hybrids are mainly investigated by use of a sacrificial donor; in short, the
hydrogen evolution’s half-reaction is under study. This is one of the more attractive and
challenging topics that should be approached in future, in order to extend the application
of QDs-based photocatalysts in efficient overall water splitting reactions to produce both
hydrogen and oxygen.
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