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The Collision between g-C;N4 and QDs in the Fields
of Energy and Environment: Synergistic Effects

for Efficient Photocatalysis

Yongxi Chen, Min Cheng,* Cui Lai,* Zhen Wei,* Gaoxia Zhang, Ling Li, Chensi Tang,

Li Du, Guangfu Wang, and Hongda Liu

Recently, graphitic carbon nitride (g-C;N,) has attracted increasing interest
due to its visible light absorption, suitable energy band structure, and excel-
lent stability. However, low specific surface area, finite visible light response
range (<460 nm), and rapid photogenerated electron-hole (e™—h*) pairs
recombination of the pristine g-C3N, limit its practical applications. The small
size of quantum dots (QDs) endows the properties of abundant active sites,
wide absorption spectrum, and adjustable bandgap, but inevitable aggrega-
tion. Studies have confirmed that the integration of g-C3N, and QDs not only
overcomes these limitations of individual component, but also successfully
inherits each advantage. Encouraged by these advantages, the synthetic strat-
egies and the fundamental of QDs/g-C3N, composites are briefly elaborated

Among all possible options, semicon-
ductor photocatalytic technology is consid-
ered as an environmentally friendly and
ideal strategy among all possible options
and has been rapidly developed around
the world.>~% Since the first report of arti-
ficial photocatalysis in 1972 by Fujishima
et al., traditional TiO, has been widely
used because of its intrinsic photocatalytic
performance, low toxicity, and thermody-
namic stability.°12 However, TiO, can
be only photogenerated under ultraviolet
light (UV-ight), limiting its utilization
efficiency of solar energy.'3 Accordingly,

in this review. Particularly, the synergistic effects of QDs/g-C3N, composites
are analyzed comprehensively, including the enhancement of the photocata-
lytic performance and the avoidance of aggregation. Then, the photocatalytic
applications of QDs/g-C;N, composites in the fields of environment and
energy are described and further combined with DFT calculation to further
reveal the reaction mechanisms. Moreover, the stability and reusability of
QDs/g-C3N, composites are analyzed. Finally, the future development of
these composites and the solution of existing problems are prospected.

1. Introduction

Population growth and accelerated industrialization have led to
a critical energy scarcity and environmental pollution. There-
fore, great efforts have been committed to the efficient devel-
opment of advanced technologies to address these issues.!
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researchers are actively searching for
photocatalysts with excellent visible light
response and satisfactory photocatalytic
performance.>-7]

Graphitic carbon nitride (g-C3N,) is a
metal-free nanomaterial composing of
C and N with a defect-N bridges of s-tri-
azine or tri-s-triazine (Figure 1A,B).1%20]
The history of C3N, could be traced back
to 1834, but g-C3N, was not formally pro-
posed until 1996 by Teter and Hemley,
probably due to its high stability and mysterious structure.l?!
Subsequently, g-C;N, has emerged as an encouraging candi-
date for photocatalysts based on its moderate bandgap, suitable
energy band structure (Figure 1C), visible light absorption and
high stability, as well as been widely concerned by countries all
over the world."®22-24 Since the photocatalytic H, evolution of
g-C3N, was first reported in 2009, the research on improving the
photocatalytic performance of g-C3N,-based photocatalysts has
gradually become a popular research direction (Figure 2).[18:2>-26]
Pristine g-C3N, can be prepared by using the heat treatment of
some low-cost nitrogen-rich organic precursors, such as urea,
melamine, dicyandiamide, and so on.*’! However, their prac-
tical applications have been limited by several shortcomings
of pristine g-C3Ny, including low specific surface area, insuffi-
cient utilization of visible light (< 460 nm), and rapid recombi-
nation of photogenerated electron-hole (e™~h") pairs.?$2! For
the sake of overcoming these challenges, many methods have
been employed to modify g-C;N, to improve the photocatalytic
activity, such as element/heteroatomic doping,*¥ structural
design,3% and heterojunction construction.333% Among the
recent progresses of modifying g-C3N,, heterojunctions formed
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Figure 1. The g-C3N, with a defect-N bridged A) s-triazine or B) tri-s-triazine; C) electron configuration of aggregate melon. Adapted with permission.['®]

Copyright 2008, Nature Publishing Group.

by coupling with other semiconductors are considered as a reli-
able and effective method. This is because g-C3N -based com-
posites are easier to synthesize, and not only overcome their
limitations of individual components, but also successfully
inherit their respective advantages.[3¢-37]

0D quantum dots (QDs), as semiconductor nanocrystals with
dimensions of 1-10 nm, became the culmination of research in
1998 when they were applied in the biological field due to their
optical properties.*® Subsequently, QDs have stepped into the
field of photocatalysis relying on their large surface area, signifi-
cant quantum effects (high quantum yield), size-tunable spectral
properties, and short charge migration distance and exhibit a
good effect combining with other photocatalysts.?*#% Over other
traditional semiconductor materials, using QDs to combine with
g-C3N, provides the following advantages over other traditional
semiconductor materials:1) QDs have a larger specific surface
area and thus can provide abundant active sites for g-C3N, with
higher photocatalytic performance, which can increase material

1834 1972 1996

utilization rate and save cost;¥*1 2) QDs can adjust the light
response range of g-C3N, due to their size-tunable spectral prop-
erties;*#] 3) QDs have a shorter migration distance, which
speed up the electron migration rate; and 4) reduction of catalyst
nanoparticles of quantum scale (QDs) is a viable way to increase
the probability with g-C;N, and make the interface contact
tighter, thus accelerating the separation of photogenerated e —h*
pairs and effectively inhibiting their recombination./*>#¢l In turn,
g-C3N, can be used as a carrier to load QDs uniformly, avoiding
the aggregation caused by the high surface energy and abundant
surface defects of QDs.¥*8l Based on these advantages, QDs
and g-C;N, are indeed good choices for each other (Figure 3).
Therefore, QDs/g-C;N, composites were first constructed for
photocatalytic H, production in 2012.1 Later on, the last decade
have witnessed rapid progress in QDs/g-C3N, composites for
photocatalytic reactions.33-50-56]

To date, research in related fields is vigorous and some
related reviews cut a figure. Chen and Bai first summarized the

1998 2009

2012
y

Figure 2. The timeline of important breakthroughs for QDs/g-C3N, composites.
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Figure 3. The collision between QDs and g-C3N, for a high photocatalytic performance.

development of metal-free QDs/g-C;N, composites.[’/ Subse-
quently, Hu et al. introduced the optical properties of QDs/g-
C3Ny and their applications in H, production, CO, reduction,
and pollutant degradation.”® However, as a rapidly changing
research field, currently studies of QDs/g-C3N, composites
have been extended to apply in other fields such as H,0, gen-
eration and NO oxidation. Considering the prospect of QDs/g-
C;N,, it is indispensable to make a comprehensive summary of
those composites in order to further analyze QDs/g-C3N, and
apply them to the real application as soon as possible. In this
review, the synthesis methods of QDs/g-C3N, composites are
summarized as well as their applicability and properties are
discussed. Second, the fundamental of QDs/g-C3N, compos-
ites is briefly introduced, composing of the basic photocatalytic
mechanism, the classification, the synergistic effects and the
modification strategies with various charge transfer pathways.
Particularly, the synergistic effects of QDs/g-C3N, compos-
ites are analyzed comprehensively, including the factors that
enhance the photocatalytic performance and the avoidance of
QDs aggregation. Thirdly, on the basis of photocatalytic reac-
tion, the photocatalytic applications of QDs/g-C;N, composites
in the fields of environment and energy are described, and the
mechanisms are further revealed and summarized with the
help of DFT calculation. Fourthly, the stability and reusability
of QDs/g-C3N, composites are analyzed to provide a direction
for their practical application. Finally, the development of these
composites and existing problems to be solved are prospected
for the large-scale promotion and application of QDs/g-C3N,
composites photocatalysts.

2. Synthesis Strategies of QDs/g-C3N,
Composites

The microstructure and distribution of loaded QDs in QDs/
g-C3N, composites may differ under different synthetic
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conditions, resulting in different properties of the composites.
In order to optimize the properties of QDs/g-C3N, composites,
different synthetic strategies have been explored to prepare
them. In this section, hydrothermal/solvent, impregnation,
deposition, self-assembly and calcination method are intro-
duced in detail. More importantly, the applicability of different
synthetic routes and the properties of these systems are dis-
cussed and summarized.

2.1. Hydrothermal/Solvothermal Method

The hydrothermal/solvothermal method means that QDs/g-
C3N,4 composites are generated via heating the reaction system
to a critical temperature with an aqueous/organic solution as
reaction solvents in a closed reactor. Based on this method,
Yao and co-workers prepared 0D/2D composites of g-C3N,
loaded with Cdy5ZngsS QDs.”” Typically, ultrathin g-C5N, can
be attained form urea by pyrolysis and thermal-exfoliating.
The raw materials of CdysZnysS QDs and as-prepared g-C3N,
were then heated at 180 °C for 24 h to obtain the composites.
Cdys5ZngsS QDs with a particle size of approximately 5 nm
were uniformly dispersed on the surface of g-C;N, by the
image of high-resolution transmission electron microscope
(HRTEM) (Figure 4A). More importantly, the pure CdysZnysS
sample was gathered into microspheres with the =500 nm
diameters without g-C;N, under the same hydrothermal con-
ditions (Figure 4B). The authors attributed this uniformly dis-
persed phenomenon to the rapid heterogeneous nucleation of
Cdy5ZnosS QDs by the oxygen-containing defects on the sur-
face of g-C3N,, the amino groups that acted as anchor sites and
the surface diffusion resistance of g-C3N,. Similarly, NiS, QDs/
g-C3N, 1% g.C3N,/AgVO;/Sn0O, QDs!®! were also successfully
fabricated by this method.

The hydrothermal method has advantages of conveni-
ence and low cost, but there are obvious drawbacks (e.g.,

© 2023 Wiley-VCH GmbH
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Figure 4. A) The HRTEM image of CdysZn,sS QDs/g-CsN4; B) the SEM image of pure CdgsZngsS QDs. Adapted with permission.®® Copyright 2016,
Elsevier. XPS spectra of N-CQDs/CN-3 and g-C;N, composites C) survey; D) C 1s. Adapted with permission.[83 Copyright 2021, Elsevier. E) Schematic
illustration of a synthetic route for MSQD-CN; F) the TEM image of MoS, QDs; G) the HRTEM image of 5 wt% MSQD-CN. Adapted with permission. (]
Copyright 2018, Elsevier. H) The TEM image of CdS/WS,/CN. Adapted with permission.[¥’l Copyright 2018, Wiley-VCH.

time-consuming) and usually confined to the metal sulfides
or metal oxides materials.l*! To solve the above problems, the
solvothermal method uses organic solution as solvent, which
greatly improves the dissolution, dispersion and chemical
reactivity of reactants, thus accelerating the reaction and even
realizing the reaction that cannot be carried out under con-
ventional conditions. For instance, Liu et al. uniformly deco-
rated g-C3N, nanosheets (UCN) with carbon QDs (CQDs) of
2-5 nm particle size by the solvothermal method.l?l Different
amounts of CQDs suspension were added into 40 mL of eth-
anol to disperse on UCN. Then, the mixture was maintained
in Teflon-lined autoclave at 120 °C for 2 h, and other steps
were analogous to hydrothermal methods. Similarly, Chen
et al. loaded N-CQDs on the g-C;N, via C—O—C bonding and
the composites maintained the primitive structure of g-C3N,
(Figure 4C,D).163]

In conclusion, the hydrothermal/solvothermal method has
become an important way to combine QDs with g-C3N, due
to the advantages of simplicity and low cost. Furthermore,
the obtained composites are characterized by the character-
istic of crystal structure and controllable size.®¥ However,
the waste liquid generated from the reaction needs further
treatment.
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2.2. Impregnation Method

Due to its simplicity, high utilization rate, and low cost, the
impregnation method is commonly used to prepare QDs/g-
C3N, composites. To be specific, the impregnation method
mainly involves the immersion of the carrier into a solution
containing the active substance, which is subsequently ran-
domly immersed into the cavities or structures of the carrier,
and finally, the catalyst is obtained after a post-processing step
(e.g., drying). Liu et al. attained MoS, QDs and g-C3N, via
hydrothermal method and calcination method, respectively,
and then used MoS; QDs to decorate g-C3;N, by vigorous stir-
ring for 24 h after adding acetone (Figure 4E).[%] Transmission
electron microscope (TEM) images showed that MoS, QDs had
the average diameter of 1.7 nm and were closely attached to the
g-C3N, nanostructure via (002) crystal planes (Figure 4F,G).
Fan et al. prepared the composite of CdS QDs/nanoporous
g-C3N, (npg-C3Ny) by similar steps.%! However, the grain size
of CdS QDs (=10 nm) in the 10%-CdS QDs/npg-C3N, was
increased compared to pure CdS QDs (=3 nm), which may be
ascribed to the excessive load of CdS QDs under heating con-
ditions and the addition of acetone. Moreover, the Brunauer-
Emmett-Teller (BET) surface area of composites decreased with
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the increasing of CdS QDs content, revealing that CdS QDs
partially blocked the nanopores of npg-C;N,. For a well-dis-
persed and a higher load of QDs on g-C;N,, Zou et al. prepared
WS,/CdS QDs/g-C3N, composites by a multiple chemical
impregnation method.l””) Specifically, the 2D/2D composites
of WS,/g-C3N, were soaked in Cd(CH;3;COO), and Na,S solu-
tions alternately, followed by soaking, washing, and drying for
eight cycles to attain the CdS QDs/WS,/g-C3N,. TEM image
displayed that the diameter of CdS QDs in the composites was
4-5 nm, which was close to that of pure CdS QDs (Figure 4H).

The above conclusion proves that the impregnation method
is simple and suitable for loading with low QDs content (usu-
ally maintaining small sizes of QDs) in QDs/g-C3;N, compos-
ites. However, once the content of QDs increases, the QDs may
accumulate and then increase in size. In addition, QDs may be
more likely to clog the pore, resulting in reduced specific sur-
face area and active sites, and non-uniform loading, which are
worthy of attention.

2.3. Deposition Method

The deposition method is a widely used and effective method to
prepare g-C3N,-based metallic photocatalysts with highly activity
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and more uniform distribution due to the N-containing groups
in g-C3N, for binding with metal cation. Basically, composites
are obtained by adding loaded material to the carrier suspen-
sion and then treating it with certain precipitating agents (e.g.,
adding ammonia to adjust pH). For example, Lu and co-workers
prepared Ni,P QDs/g-C3N, composites via a simple deposition
and calcination process.*y The as-prepared g-C;N, was well-
dispersed in deionized water, followed by the slow addition of
aqueous NaOH (0.15 M) and Ni(OAc),-4H,0 solution to the
above solution in turn. Then the attained greenish yellow pre-
cursors were ground with NaH,PO,. At last, the mixture was
calcined in a tube furnace under nitrogen (N,) atmosphere for
4 h. The N 1s binding energy of the tertiary nitrogen groups
of Ni,P QDs/g-C3N, was reduced by 0.2 eV, demonstrated that
the N—Ni bonds were formed for the tighter contact and better
e—h* transfer capability (Figure 5A). Sreekanth et al. fabricated
CeO, QDs/g-C;N, photocatalyst via a similar method, [ which
constrained the over-growth and improved the crystallinity of
QDs by N-bind and homogeneous reaction of g-C;N, as well.
Furthermore, it has been noted that the deposition method has
been applied to combine QDs with 1D g-C3N,,[%7% which could
impart a larger specific surface area. The fabrication process of
CeO, QDs/S-doped CN nanotubes (SCN NT5s) was described in
Figure 5B."%) SCN NTs with a uniform fiber-like morphology via

supramolecular aggregates

NHyH,0
1

A "
< "

‘ . Ce(NO,), solution

Ce(OH),/SCN NTs

T < &
g-C3N4@TisC2 QDs composite % ’

L)
L4
S ¢\ TisCz QDs

TisC2 sheets

Figure 5. A) XPS spectra of g-C3N4 and g-C3N,/Ni,P: N 1s. Adapted with permission.!l Copyright 2018, Elsevier. B) Preparation of CeO, QDs/SCN
NTs by simple deposition method. Adapted with permission.*l Copyright 2020, Elsevier. C) The HRTEM image and D) Schematic Illustration of the
preparation of g-CsN,@Ti;C, QD composites. Adapted with permission.’® Copyright 2019, American Chemical Society. E) The zeta potentials of bulk
g-C3Ny, bulk g-C3N,/NCDS, protonated g-C;3N,/NCDS, and g-C3N,/NCDS/MoS, photocatalysts. Adapted with permission.’® Copyright 2019, Elsevier.
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the thermal polymerization were added to Ce(NO;); solution,
followed by depositing Ce*" with the addition of NH;-H,O.
Finally, the obtained composites were dried and calcined at
250 °C under an Ar gas atmosphere for 4 h. The larger specific
surface area of CeO,/SCN NTs than that of SCN N'Ts was attrib-
uted to the active role of 1D SCN in the higher dispersion of
CeO, QDs with the smaller particle size.

Obviously, the composites prepared by deposition method
are relatively uniform and suitable for metallic substance due
to the N-containing groups in g-C3N, for binding with metal
cation. However, the operating conditions (pH regulation) of
this method are not easily controlled and time consuming.

2.4. Self-Assembly Method

Self-assembly is an effective method to intermix the compo-
nents in composites. Considering the amphoteric nature of
g-C3N,, its surface charge can be controlled through adjusting
the pH of the suspension to combine with charged ions or sub-
stances. Thus, Li et al. designed 0D/2D Ti;C, QDs/g-C3N, via a
self-assembly method for H, production (Figure 5D).*! Specifi-
cally, CON,H, was used as the precursor and sonicated to get
uniform monolayers or few layers of g-C;N,. Ti;C, sheets were
prepared via selective etching the MAX phase (Ti;AlC,;) with
hydrofluoric (HF) acid, followed by destroyed through dime-
thyl sulfoxide (DMSO) intercalation and ultrasonic treatment.
For purpose of strengthening the interfacial contact, negatively
charged g-C3N, and Ti;C, QDs modified by polyethyleneimine
(PEI) were mixed and then freeze-dried for 24 h. The HRTEM
analysis demonstrated that the uniformly dispersion and close
interaction were established between Ti;C, QDs and g-C3N,
(Figure 5C), which were suitable for photocatalytic reactions.
Correspondingly, Jiao et al. formed MoS, QDs/g-C3N,/NCDS
by self-assembly and solvothermal methods.’® In this study,
the obtained NCDS/g-C3;N, was protonated and able to combine
with negatively charged MoS,>~ ((NH4),MoS,) via the electro-
static interaction (Figure SE). Then, the mixture formed MoS,
QDs/g-C3N,/NCDS by a hydrothermal reaction. Similar syn-
thesis processes are produced in non-metal composites such
as graphene quantum dots (GQDs)/g-C;N,772 Apart from
electrostatic interaction, 7—r stacking and hydrogen bonding
between them were pointed out by the authors.

Briefly, the self-assembly method is a common combinato-
rial strategy to form a whole through mainly electrostatic inter-
actions. The individuals in the composite maintain the ordered
structure and morphology, but the stability of the composite
nanomaterials may be relatively poor due to electrostatic inter-
actions between each component without more stable covalent

bonds.

2.5. Calcination Method

G-C3N, is usually prepared via the calcination of urea, dicyandi-
amide or melamine at a certain temperature. Similarly, calcina-
tion as a heating method can be used to synthesize the metal,/”*!
or metal oxide QDs/g-C;N, composites.”*7¢ For example, Ying
et al. synthesized CoO QDs/hollow sphere g-C;N, (SCNO)

Small 2023, 2205902

2205902 (6 of 36)

www.small-journal.com

through one-step calcination strategy (Figure 6A).7°] A mixture
containing melamine, Co(NOs),-6H,0 and cyanuric acid was
stirred to obtain white precipitates after standing and drying.
Then, SCNO/CoO was obtained by calcining at 550 °C for 4 h
in air. During calcination, the growth of CoO QDs was limited
by the produced volatile gas (NO,, NH3), keeping their size at
5 nm.

Unlike calcination, the annealing reaction is carried out at a
uniform cooling temperature on the basis of calcination.”””8! In
the fabrication of Co30, QDs/g-C3N,, Zhang et al. added Co;0,
QDs suspension into ethanol solution dispersing g-CsN,[8l
Then the mixture was obtained by solvent evaporation with
constant stirring at 100 °C and annealed at different tempera-
tures (180, 250, 300 °C) in 2 h. Interestingly, the author pointed
that the small pores were produced around Co;0, QDs, which
indicated strong interactions between Co;0, QDs and g-C3N,.
Furthermore, the pores and the specific surface area of the
composites increased with the increasing treatment tempera-
ture, but Co;0, QDs kept good crystallinity in all cases.

During heat treatment, the properties and porosity of com-
posites varied under different temperatures, which indicated
that the temperature may be one of the main influence fac-
tors in the heat treatment synthesis process. In fact, it is well
known that reaction parameters such as heating rate and calci-
nation atmosphere have a certain impact on the properties and
porosity of QDs/g-C;N, composites, but the relevant discus-
sions have not been reflected in the current research papers.
All these factors and underlying mechanisms need to be paid
more attention.

2.6. Other Synthesis Methods

Along with the above common synthesis methods, there are
other methods to obtain the QDs/g-C;N, composites. Some
studies have found that illumination also affected the com-
posites during the synthesis process. Li et al. obtained NiO
QDs-g-CN composites after refluxing the mixture for 3.5 h
and irradiating for 4 h and used the same process to prepare
NiO QDs@g-CN without illumination (Figure 6B)."") It was
worth mentioned that there was no significant difference in
morphology, but illumination treatment was the key to form
C—O0 bonds, which could effectively enhance the e™—h* transfer
capacity in composites. In addition, ultrasonic processing is
also usually used as an auxiliary synthesis in the synthesis pro-
cess. Wang et al. successfully prepared Bi;TaO; QDs/g-C;N,
composite under ultrasonic conditions for 6 h.B% The ultra-
sonic treatment accelerated the suspended solid particles and
induced the collision between the particles, so that the particles
were converted into Bi;TaO; QDs (=4.8 nm) more uniform and
dispersive (Figure 6C-E). Specially, Bi;TaO; QDs were adsorbed
and coordinated at the N position and formed C=0 bonds with
g-C3N, NSs, which indicated the strong bond coupling in this
composite.

The synthesis steps, conditions, and states of the composites
were described in detail in this section. It could be easily found
that the structures and properties of composites (including
the size and the distribution of QDs) were controlled under
appropriate synthesis methods and conditions, which displayed

© 2023 Wiley-VCH GmbH

85U8017 SUOWIWOD BA 181D 3qeot dde au Aq peusenob afe sajoie YO ‘9SO Sa|nJ Joj Aeiq1T8UlUO A8]IAN UO (SO PUOO-PUR-SLUIB)/LIY™A8 | 1M Afe.d 1 jBuJUO//:Sdny) SUORIPUOD pUe SWie | 8y} 88S *[£202/T0/20] Uo AiqiT8uliuo A8]1M ‘U npe nuy® eauei-<yie|0qd Ius> Aq 206502202 [IWS/Z00T 0T/I0p/LI0d A8 | im" Ake.d 1 jpul|uoy/Sdny Wwolj pepeo|umod ‘0 ‘62898T9T



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

@ oo

@ Melamine

) o .. o C Qi
g Stirring Calcination
| l‘-“-"“ 0& Stand U b&

- ¢

Mixture Cyanuric Acid-
. ixAI} ~

Melamine complex

D @
A .
Melamine Q .g. b o
“/"0 0 Stirring Qb“ Calcination
u . X . Stand b g
] ‘e ¢
Co(NO;),6H,0 Mixture Cyanuric acid-Melamine

complex+Co(NO3),6H,0

NiO QDs@g-CN

@ CranuricAcid

@ CoiNo),6H,0

U Cyanuric Acid-

NiO QDs + CTAB + g-CN

www.small-journal.com

Melamine complex

SCNO/CoO QDs

Figure 6. A) The formation process of SCNN, SCNO and SCNO/CoO. Adapted with permission.”> Copyright 2021, Elsevier. B) Schematic illustration
of a refluxing route for synthesis of NiO QDs@g-CN (without photoillumination) and NiO QDs-g-CN (photoillumination). Adapted with permission.’]
Copyright 2020, Elsevier. C) The TEM image of 20% of g-C;N,/Bi;TaO; QDs before ultrasonic treatment; D) TEM and E) HRTEM images of 20% g-C3N,/
Bi;TaO; QDs composite. Adapted with permission.B% Copyright 2017, American Chemical Society.

through the corresponding characterization techniques./-80
However, the effects of these synthesis conditions on the struc-
ture and properties of the composites, which could further
affect the photocatalytic performance of QDs/g-C3N, compos-
ites, have not been adequately analyzed or investigated.[°®”®]
Therefore, clarifying the relationship between the synthesis
conditions and the structure as well as the properties of the
composites to design efficient photocatalysts is a major chal-
lenge in the future.

Furthermore, the advantages, disadvantages, and appli-
cability of above-mentioned five main synthetic methods of
QDs/g-C3N, composites are summarized in Table 1. Among

them, hydrothermal/solvothermal, deposition and calcina-
tion methods mainly involve the in situ synthesis route. The
route focuses on the attachment of precursors or raw materials
of QDs to prepare QDs/g-C3N, composites. In this route, the
over-growth and aggregation of QDs are effectively restrained
by g-C3N,, and the composites are linked by more stable cova-
lent bonds. But inevitably the in-situ synthesis is complicated
and time-consuming. In contrast, the post-synthesis route
is obtained by mixing QDs and g-C3N,, which is mainly syn-
thesized through electrostatic interactions by self-assembly
method or impregnation method. Compared with the in situ
growth route, QDs are formed in a single process that allows

Table 1. Advantages, disadvantages, and applicability of five main synthetic methods of QDs/g-C;N, composites.

Methods Applicability

Advantages

Disadvantages

a) Hydrothermal/
b) solvothermal method

Applicable to all types of
QDs/g-C3Ny
Impregnation method Suitable for the with lowly loading
QDs
Deposition method Suitable for metallic composites
Self-assembly method Applicable to all types of
QDs/g-C3Ny

Calcination method Metal/metal oxide composites

Convenience, low cost, and
controllable size of QDs

Simplicity, high utilization rate and

Relatively uniform

Maintaining the ordered structure

The thermal stability

(a) Time-consuming and confined to metal oxides/some
metal sulfides materials
(b) The waste liquid

The aggregation of QDs with the highly loading QDs,

low cost more likely to clog the pores and non-uniform loading

The no easily controlled operating conditions
(pH regulation) and time-consuming

The relatively poor stability of the composites

and morphology of QDs

The waste gas

Small 2023, 2205902

2205902 (7 of 36)

© 2023 Wiley-VCH GmbH

85U8017 SUOWIWOD BA 181D 3qeot dde au Aq peusenob afe sajoie YO ‘9SO Sa|nJ Joj Aeiq1T8UlUO A8]IAN UO (SO PUOO-PUR-SLUIB)/LIY™A8 | 1M Afe.d 1 jBuJUO//:Sdny) SUORIPUOD pUe SWie | 8y} 88S *[£202/T0/20] Uo AiqiT8uliuo A8]1M ‘U npe nuy® eauei-<yie|0qd Ius> Aq 206502202 [IWS/Z00T 0T/I0p/LI0d A8 | im" Ake.d 1 jpul|uoy/Sdny Wwolj pepeo|umod ‘0 ‘62898T9T



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

better control of the size and chemical composition.®! How-

ever, such QDs require the help of ligands (PELM! thioglycolic
acid (TGA),P'# etc.), otherwise they may be unstable during
the synthesis process due to QDs aggregation, leading to poten-
tial issue such as higher cost.

3. The Fundamental of the Collision between
g-C;N, and QDs

3.1. Photocatalytic Mechanisms

The basic principles of photocatalysis have been discussed
extensively in previous reports.># As shown in Figure 7, the
photocatalytic reactions of semiconductors consist of the fol-
lowing steps. First, the e™—h* pairs can be photogenerated when
the semiconductor absorbs energy (hv) equal or higher than its
bandgap. Subsequently, the photogenerated electrons migrate
from the valence band (VB) of the semiconductor to the con-
duction band (CB). When the photogenerated electrons occupy
the CB of the semiconductor, the photogenerated holes remain
in the VB. Finally, the photogenerated electrons and holes are
transferred to the active sites on the semiconductor surface
for the reduction and oxidation of various substances, respec-
tively.?¥ Thus, it is obviously that enhancing the optical prop-
erties and increasing the specific surface area (active sites) are
the effective ways to improve the photocatalytic performance of
photocatalysts.[°®35] Another possible reaction is the recombina-
tion of e~h* pairs, which rapidly happens after photoexcitation
and release the absorbed energy in the form of light or heat.[®l
It is estimated that up to 90% of photogenerated e™—h* pairs
recombine rapidly, leading to fewer participating in redox reac-
tions and poor photocatalytic activity.’”! Accordingly, the recom-
bination of photogenerated e™—h* pairs must be prevented to
prolonging the lifetime. QDs/g-C3N, composites also follow
the above basic photocatalytic processes, but pass through a
more complex charge transfer pathway, which is closely related
to the properties of materials (energy band, etc.).l*>>!l Detailed
synergistic effects on efficient photocatalysis as well as the

1 1
| 1
: Oxidation :
: CB Rl G :
: T : \\ Reduction :
! | al e |
| 0 Sl 1
: g = :@ active :
=) ci= 3 1

: ) _g ,§ sites :
1 el 'S 1
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Figure 7. The photocatalytic reactions of semiconductors.
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charge transfer pathways of QDs/g-C3N, composites are exhib-
ited later (Sections 3.3 and 3.4).

3.2. Classifications of QDs/g-C3N, Composites

In addition to the common advantages of QDs, there are some
differences between different types of QDs, making QDs/g-
C3N, composites more task-applicable. This section briefly
introduced oxide QDs, vanadate QDs, sulfide/phosphide/sele-
nide QDs, carbide QDs and CQDs and GQDs according to the
classification of QDs/g-C3N, composites, which would con-
tribute to better understand the differences in terms of syner-
gistic effects, applications and mechanisms.

Oxide QDs generally have a wide bandgap, which may be
unable to improve the optical performance of g-C3N,.[88 Corre-
spondingly, oxide QDs with the wide bandgap may have higher
oxidation/reduction potential and form multi-types hetero-
structure with g-C3N,, which may bring QDs/g-C3N, compos-
ites a stronger redox capacity to attain more active substances.
Moreover, oxygen defects may be generated to speed up the
separation of photogenerated carriers during the modification
of g-C3N, by oxide QDs.8%%1 Based on these advantages, oxide
QDs/g-C3N, composites are more used in environmental fields
for the treatment of pollutants. Similarly, vanadate QDs with
wide energy bandgaps and likely oxygen vacancies can also
form heterojunction with g-C3N,, resulting in better photocata-
lytic performance.[2-%4

Different from oxide QDs, sulfide/phosphide/selenide QDs
have a narrow bandgap, giving a wide range of light response
(e.g., CdS QDs) and are therefore also known as photosensi-
tizers.*>> Moreover, most sulfides/phosphates QDs are ideal
cocatalysts that accelerate the separation of photogenerated
e—h* pairs due to their high conductivity, which is hopeful to
substitute Pt-based photocatalysts.[*>439%% However, sulfide/
phosphide/selenide QDs are usually unable to enhance the
redox capacity of g-C3N,. Thus, such QDs/g-C3N, composites
are more used in the field of energy due to their wider range of
light response and quicker migration of photogenerated e™—h*
pairs. Additionally, carbide QDs, such as Ti;C, MXene QDs,
can usually be served as cocatalysts because of their high con-
ductivity and relatively stability as well.["’]

CQDs and GQDs, as two categories of metal-free QDs, can
be used as important cocatalysts in the field of photocatalysis
due to their good electron storage performance. In addition,
CQDs and GQDs possess abundant functional groups and up-
conversion properties (displayed in detail later), which bring
easier surface functionalization and excellent optical proper-
ties.”®-100 Based on these advantages, CQDs/GQDs modified
g-C3N, can accelerate photoelectron transfer and broaden the
range of light absorption, which are widely used in various pho-
tocatalytic reactions.

3.3. Synergistic Effects of g-C;N, and QDs
As discussed above, both the pristine g-C3N, and QDs have

their own disadvantages. For pristine g-C3;N,, its large-scale
applications have considerably limited by the relatively low
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surface area, finite visible light absorption and fast photo-
generated e™—h* pairs recombination,?®*?’! On the other hand,
although QDs with small particle size bring abundant surface
defects and high surface energy, they are prone to aggregate,
leading to a reduced photocatalytic activity. However, the com-
binations of QDs and g-C3N, successfully overcome each short-
coming and surprisingly produce enhanced properties. Few
previous studies have specifically mentioned the synergistic
effects of QDs/g-C3N,, so this section summarizes the func-
tions generated by synergistic effects.

3.3.1. Variations of Specific Surface Area and Active Sites

It is well known that the larger its surface area has, the more
active sites a photocatalysts are, which are beneficial for photo-
catalytic performance.*78 The high specific surface area due to
the small size of QDs provides abundant active sites for QDs/g-
C;N, composites, which can increase the reaction sites as well
as the absorption sites.’0:6595:97102103] However, studies have
found that most of QDs/g-C3N, composites remained constant
or even actually decreased specific surface area than that of
g-C3N, 23104193 For instance, Qin et al. prepared NiS, QDs/g-
C3Ny by hydrothermal method and the specific surface area of
composites was reduced to 62.01 m? g7, less than half of that of
g-C3N, [ Similarly, changes in specific surface area were pre-
sented in those composites, such as 1T-MoS, QDs/g-C;N,,[*l S
QDs/g-C3N,, %) judging that QDs might block the mesoporous
of g-C3N, with a negative influence to photocatalytic reactions.

Interestingly, the opposite conclusion existed for a portion of
QDs/g-C;3N,. Zhao and co-workers prepared CsPbBr; QDs with
a particle size of 5-10 nm and uniformly loaded bulk g-C;N,
(CN) to form a ternary Ag-CsPbBr; QDs/CN composites.’ The
largest specific surface area of CsPbBr; QDs/CN (156.73 m? g™!)
was 778 times than that of CN, providing more active sites
for photocatalysts. Furthermore, the similar conclusion was
reached in the CeO,/g-C3N,.°U Part of QDs have positive effects
on specific surface area by the formation of new pores, which
may be attributed to the suitably increasing of QDs and the
tight interface contact.’®! Moreover, the stripped 2D g-C;N,
ultrathin nanosheet or construct 1D/3D g-C3;N, structures
could provide more contact area for QDs and thus more QDs
could be loaded.37075106 Ultimately, it not only effectively pre-
vented QDs from aggregation or blockage, but also increased
the surface area of the composite material. Li et al. designed
CeO, QDs/SCN via the thermos-condensation coupled in situ
deposition method.” The specific surface area of composite
was larger (59.1 m? g7!) than pristine SCN because CeO, QDs
were evenly dispersed inside/outside of SCN. Liu et al. found
that CuFeO QDs were embedded into CNN film layers, leading
to different degrees of tearing between CNN film layers, which
sufficiently exposed more adsorption sites and the area of the
composites increased from 69.0 to 150 m? g~1.1%7]

At present, the actual role of specific surface area in photo-
catalytic performance of QDs/g-C3N, is unclear enough. One
reason is that the related studies are insufficient, and the other
is that their catalytic reactions are controlled by various factors.
Nevertheless, there is no doubt that the larger specific surface
area endows composites with more active sites, which plays a
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positive role in photocatalytic performances and deserves con-
tinuous attention.

3.3.2. Transmission of Optical Properties

Solar radiation is mainly concentrated in the visible region
(50%), partially in the infrared region (43%), and very little in
the ultraviolet region (7%). Thus, it is expected to explore the
power of visible and even infrared light to use solar energy
more efficiently.*1%8] Previous reports have shown that the pris-
tine g-C3N, possesses a relatively wide bandgap (=2.73 eV) and
an absorption edge of =450 nm, which limits its light absorp-
tion capacity in a longer wavelength range. The small size of
QDs endows its quantum confinement, which means that the
bandgap of may be wider than that of bulk phase semiconductor
when the material is reduced to the quantum leve].[#0:4+51,109,110]
Additionally, the different bandgaps have selective absorption of
photons with different abilities, endowing the composites with
adjustable light absorption properties.

Due to some materials with narrow bandgaps, the combi-
nation of those quantum size materials and g-C;N, can make
the composites process a wider range of light absorption and
stronger light absorption capacity. For example, CdS QDs/g-C3N,
was prepared by Ge and co-workers through an impregnation
method." The composite showed enhanced light absorption
with an extended range (=700 nm) compared with pure g-C;N,.
Also, the light absorption capacity was further boosted with the
increase of QDs, then improving the photocatalytic performance
to a great extent.’®>>!"l More importantly, it was necessary to
avoid the aggregation by an appropriate load of QDs. There
are many materials having been reported to enhance the light
range and light absorption capacity, including some metallic
sulfide,%0112 metallic selenide,>" and perovskite.[>¢11]

Studies have found that controlling the morphology of g-C3N,
to construct composites is also acted as an effective method to
enhance the light absorption performance.’*% Liang et al.
further reported CdS QDs/P-doping carbon nitride hollow
tube (P-CNT) composite via an in-situ oil bath method.® The
multiple reflections of hexagonal tubes successfully broadened
the light absorption capacity for the heightened photocatalytic
performance and even the possibility of practical applications.
Multiple reflections of light would also be discovered in Ti**-
TiO,/g-C3N4/MoS, QDs and others.[103100116] [n general, metal
oxides have wider bandgaps (e.g., SnO,, TiO,, CeO,). The com-
bination of SnO, QDs or TiO, QDs with g-C3N, showed almost
unchanged in light absorption performance compared with
pure g-C;N,,B88917118] even causing the blue shift of UV-vis
diffuse reflectance spectra.

The up-conversion process mentioned in a recent correla-
tion review is an anti-Stokes emission process in which low-
energy photons are absorbed sequentially and shorter photons
are emitted.*® Its essence is the conversion of low-energy pho-
tons into high energy photons. In simple terms, up-conver-
sion materials can obtain long waves (near infrared light) and
produce short waves (UV or visible light). A large number of
studies have shown that nonmetallic CQDs and GQDs have
up-conversion photoluminescence properties.1001191201 Ag an
example, Zhang et al. designed the FeOOH QDs/CQDs/g-C;N,
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composites (FCCN) by modifying g-C;N, with double QDs.[!2!
When CQDs were injected into the original UCN, the optical
response range was significantly widened. However, the amor-
phous FeOOH QDs were just attached to the surface of the
UCN nanosheet without affecting the light absorption perfor-
mance. This confirmed that the CQDs underwent a two-photon
or multi-photon reaction that allowed reactants to absorb near-
infrared light and motivate the short wave to g-C3;N,, thereby
improving the efficiency of sunlight utilization.

In conclusion, QDs share their adjustable light absorp-
tion performance with g-C3N, and have a quite positive effect
on capturing near-infrared photons. In addition, strategies
such as changing the morphology of composites can further
enhance the light absorption ability. Most of QDs containing
metal mentioned have good photosensitivity, but it is inevitable
to consider the secondary pollution caused by metal leaching.
Fortunately, the up-conversion materials can overcome the
disadvantage while bringing good light absorption perfor-
mances with excitingly practical application prospects.[00:119-121]
Recently, studies have proved that shell QDs/g-C;N, photocata-
lysts can be made, which not only possess high photocatalytic
activity, but also avoid the leaching of heavy metal ions.[*!

3.3.3. Tighter Interface Contact

As everyone knows, g-C3N, has a wide bandgap (=2.73 eV),
which is limited its photocatalytic performance because of
the incomplete charge separation and rapid recombination
of e—h* pairs.[*3%36] An interesting phenomenon is that the
specific surface area of QDs increases with decreasing par-
ticle sizes. On the one hand, the number of surface phase
atoms of QDs increases with the decreased sizes of QDs,
resulting in insufficient surface atomic coordination and the
increase of unsaturated bonds and suspended bonds.[0310]
In other words, the surface atoms of QDs are more active
and likely to bond with g-C3N,, which bring about the tighter
interface contact to overcome above challenges.l®” On the
other hand, both the small size of QDs and stripping the
bulk g-C3N, to form 2D film or construct 1D, 3D or even 0D
g-C3N, can reduce photocarriers migration distance. There-
fore, under visible light, tighter interface contact and shorter
photocarriers migration distance between QDs and g-C3N,
can effectively promote faster e—h* pairs migration and
inhibit the recombination of e—h* pairs for a high photocata-
lytic performance.[12?]

In the report by Lu et al.,*! they synthesized Ni,P QDs/g-
C3N, composites, which successfully constructed the charge
transfer path by the Ni—N bond on the surface. The electron
migration resistance was decreased, which facilitated the sep-
aration of photocarriers and generated photocurrent 11-fold
stronger than pure g-C3N,. Recently, Wang et al. reported
that 0D/2D S-QDs/g-C3N, composites provided an effective
channel for charge transfer and induced effective charge sepa-
ration through N—S bond coupling.'®l No significant coupling
effect was found in the composite system of large CN and S
particles,23124 which effectively proved that reducing the size
of S particles and constructing CN with porous structure and
reduced thickness were essential to couple composites. It was
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worth mentioning that the separation of photogenerated e™—h*
pairs would take two forms in the QDs/g-C3N, composites. In
the former, QDs were regarded as cocatalysts (electron accep-
tors) that captured electrons generated by photogenerated
g-C;N, to improve the separation efficiency.***>712% In the
latter, QDs were combined with g-C3;N, to form heterostruc-
tures with the matching band and mainly classified to two types
of heterojunctions (type-II, and Z-scheme). Both forms were
efficiently separated and restrained the recombination of photo-
generated e™—h* pairs.>6-20.93.117]

3.3.4. Maintained Morphologies of QDs and g-C3N,

Many literatures have reported that QDs with small sizes tend to
aggregate due to their abundant surface defects and high surface
energy, resulting in the reduced photocatalytic performance.!2¢!
Fortunately, g-C3N, as a stable carrier can be used to uniformly
loading QDs by covalent bonds or electrostatic interactions,
which efficiently avoids the aggregation phenomenon of QDs, as
reported in the section of “2. Synthesis strategies of QDs/g-C3N,
composites.”* 8 Of course, there is a special case that when there
are excess QDs, the aggregation can still occur and even shield
the active sites of g-C3N,, affecting the light absorption perfor-
mance of g-C;N, %285 Therefore, it is essential to control the
appropriate QDs load on g-C;N, for subsequent applications.

On the other hand, g-C;N, possesses high mechanical and
chemical stability. Considering the small size of QDs, the mor-
phology of g-C3N, can be not broken with the introduction of
QDs in QDs/g-C3N, composites, which is also reflected in many
studies.®>190127] For example, Wang et al. prepared composites
by interspersing vanadate (AgVOs, BiVO,) QDs on g-C3N,.[2
The AgVO; QDs/g-C3N, and BiVO, QDs/g-C3N, composites
remained the sheet morphology of g-C3N,. The quantum size
of materials determines its high utilization rate and relatively
low content in QDs/g-C3N, composites compared with other
g-C3N, based materials, so that the structure of g-C3Ny is basi-
cally unaffected by the addition of QDs.*l Therefore, QDs can
not only be uniformly loaded on g-C;N,, but also maintain the
morphology and structure of g-C;N,, which is conducive to the
stability of g-C;N, inherited by the composites and enhance the
possibility of practical application.

3.4. Different Modification Strategies with Various Charge
Transfer Pathways

This section briefly introduces QDs as an electron carrier for a
cocatalyst and as a semiconductor to form heterostructures to
combine with g-C3N,, which is beneficial for understanding the
mechanism of photocatalysis.

3.4.1. As Cocatalyst

Owing to the high conductivity and photoelectric properties,
some QDs are considered as cocatalysts when combined with
g-C3N,. Such QDs mainly include some phosphide/sulfide/
carbide QDs (IT-MoS, QDs, 9%l Ni,P QDs,*! Ti;C, QDs,"
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Figure 8. A) The charge transfer path of QDs acting as the cocatalysts in QDs/g-C;N, composites; B) photocatalytic hydrogen generation mechanism
on CoP/CNF under visible light. Adapted with permission.®l Copyright 2019, Royal Society of Chemistry. C) The charge transfer path of type-Il hetero-
junction QDs/g-C3N, photocatalysts; D) schematics for charge separation and transfer mechanism for redox reactions of CdSe/P-CN. Adapted with
permission.*] Copyright 2020, Elsevier. E) The charge transfer path of Z-scheme heterojunction QDs/g-C;N, photocatalysts; F) the possible charge
separation of Bi,O; QDs/g-C3N, (i) photocatalyst under visible-light irradiation. Adapted with permission.lsl Copyright 2021, Elsevier.

etc.) and non-metallic QDs (CQDs, 1001281301 GQDs '] etc.).
Specifically, cocatalysts can be acted as electron carriers to
accept electrons from photogenerated g-C3N, to their Fermi
level, which inhibit the recombination of e—h* pairs, and then
provide abundant active sites to react with absorbed substance
(Figure 8A).2513L132 Excitingly, some studies have shown that
these QDs/g-C3N, might be a promising alternative to noble
metal and avoid high cost.*?%%%] For instance, Zeng et al.
adopted a facile strategy to synthesize CoP QDs/ultrafine g-C3N,
fiber (CoP QDs/CNF) photocatalysts.®] In the aforementioned
composites, CoP QDs were uniformly dispersed on the surface
of CNF without aggregation, and there was a close interface
between them. Meanwhile, electrons from photogenerated CNF
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could be injected into CoP QDs, which could greatly restrain the
recombination of e~h™* pairs and lengthen the lives of electrons.
Subsequently, the H* absorbed by CNF was successfully reduced
by photogenerated electrons for H, on the surface of CoP QDs
(Figure 8B). Ultimately, CoP QDs/CNF enhanced photocatalytic
activity of H, production (2.42 mmol h™), which was over 2071
and 32 times that of CNF and Pt/CNF, respectively.

3.4.2. As Semiconductors to form Heterojunction
In general, a heterojunction is defined as an interface region

formed by the compounding of two semiconductors with
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Figure 9. A) The charge transfer path of S-scheme heterojunction QDs/g-C3N, photocatalysts before and after contact; B) S-scheme charge transfer
for the photocatalytic elimination of TC and Cr®* over CN/BWO. Adapted with permission.l% Copyright 2022, Partner Organisations.

inequitable energy band structure, which may result in aligning
energy band.’#% Both g-C;N, and some QDs can be excited to
produce e —h* pairs under visible light, followed by the sepa-
ration and transfer of electrons and holes.”*%8133] According to
the studies of modifying g-C;N, with QDs, various heterojunc-
tions have been shown (Figures 8 and 9).

For type-II heterojunction photocatalysts, the CB and the VB
levels of one semiconductor are higher than the corresponding
levels of the other semiconductor (Figure 8C).3¥ Therefore,
the charge transfer of type-II heterojunction photocatalysts
relies on a suitable energy band structure of components,
which can make electrons and holes in a spatial separation.!34
In recent years, g-C3N, has been combined with various QDs
semiconductors to jointly construct type-1I heterojunction pho-
tocatalysts. For example, Fazal et al. constructed CdSe QDs/P
doping CN photocatalysts for H, generation, CO, reduction
and 2,4-dichlorophenol degradation (2,4-DCP).l The doping
P substituted for carbon in g-C3;N,, which produced the lower
conduction band minimum (CBM) of CN than that of the CBM
for CdSe QDs to form type-II heterojunctions (Figure 8D). The
well-matched energy band structure made the photogenerated
electrons of CN transferring to CdSe QDs as well as the photo-
generated holes from CdSe QDs to CN for the reduction/oxida-
tion of H,0, CO, and 2,4-DCP. Overall, the optimized nano-
composites offered the high photocatalytic activity of overall
water splitting (H,: 113 and O,: 55.5 pmol h™! g7!), conversion
efficiency of CH, (47 umol h™! g™!), and 2,4-DCP degradation
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(78%). Similar high photocatalytic performances were also
demonstrated in type-II heterojunction photocatalysts such as
oxide QDs/g-C;3N,, 82U and vanadate QDs/g-C;N,.[02-94133]

The above contents effectively prove the advantages of type-II
heterojunction photocatalysts, but there are still some problems
restricting its practical application. For example, the redox reac-
tions of type-II heterojunction photocatalysts usually occur at
lower potentials, resulting in the inhibition of redox capacity.
Furthermore, electrostatic repulsion is not conducive to the
migration of electrons on the CB and the holes on the VB of
two semiconductors.”3*13% Therefore, the development of
more effective heterojunctions is the most urgent matter. It is
a challenge to construct QDs/g-C3N, photocatalysts, which can
achieve efficient separation of photogenerated e—h* pairs and
maintain the high redox abilities.

Until 1979, Bard et al. first developed the Z-scheme charge
transfer mechanism to address these challenges and it was also
helpful to construct Z-scheme heterojunction QDs/g-C3N, pho-
tocatalysts (Figure 8E).®! From past research, the Z-scheme
systems can be divided into three categories: traditional
Z-scheme (only react in water without physical contact), all-
solid-state Z-scheme (via the interface contact and a conductor
as a bridge), direct Z-scheme (like all-solid-state Z-scheme
without a bridge). Moreover, studies found that Z-scheme het-
erojunctions were prone to form when g-C3N, meet the mate-
rials with high VB potential 68093101101 Thysg, Liang et al.
grafted Bi,O; QDs on g-C3;N, with the help of EDTA via a facile
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two-step method for the high photocatalytic activity to degrade
tetracycline (TC) and reduce Cr®, respectively.*l Under visible
light, Z-scheme photocatalysts caused the photogenerated elec-
trons to flow from the CB of Bi,O3; QDs to the VB of g-C3Ny,
thus retaining electrons in the CB of g-C3N, (-1.09 eV) and holes
in the VB of Bi,O3; QDs (+2.90 eV) (Figure 8F). The generated
-0,7, -OH, and h* would react with TC as well as the photo-
generated electrons directly reduced Cr®. Additionally, this
system possessed the reduced Bi’ as a bridge between Bi,O;3
QDs and g-C;N, to accelerate the interfacial transfer of carriers,
which could be proved by the higher photocurrent density.

Although Z-scheme heterojunctions show great advantages,
the idea of traditional Z-scheme and all-solid-state Z-scheme
heterojunctions may be too ideal.' On the one hand, the
photogenerated electrons and holes with higher potential are
more likely to be annihilated due to the larger redox potential
difference, resulting in the electrons and holes to stay at CB and
VB with lower redox potential. On the other hand, the Schottky
barriers formed at the interface between the conductor and a
semiconductor may prevent the continuous electron transfer
after equalizing their Fermi levels. Ultimately, in this case,
the mentioned heterojunctions may fail to achieve maximized
oxidation and reduction capacities. Considering their prob-
lems, direct Z-scheme heterojunctions formed from traditional
Z-scheme and all-solid-state Z-scheme heterojunctions are sus-
ceptible to be misunderstood.

Under this background, Yu and co-workers proposed a step-
scheme (S-scheme) heterojunction consisting of two N-type
semiconductor photocatalysts (oxidation photocatalysts (OP)
and reduction photocatalysts (RP)).LOB3813] When OP (with
relatively lower VB positions) meet PR (with relatively higher
CB positions), an internal electric field (IEF) is created. Then,
the photogenerated electrons pass through the interface from
RP to OP until the achievement of the same Fermi level (Ef) at
the interface, resulting in an upward and downward bending
in the band edges of RP and OP. Finally, the relatively useless
electron and holes are recombined at the interface; while the
photogenerated electrons and holes with strong reduction and
oxidation capacity are reserved on the CB of RP and the VB of
OP as well as produce reduction reductions and oxidation reac-
tions (Figure 9A).°413] Recently, Li et al. synthesized a high N
ratio graphite carbon nitride (C3N5)/Bi,WO; composites by an
in-situ route.’*% The IEF, band bending and Coulombic attrac-
tion between C;3Ns and Bi,WO; were created with the forma-
tion of S-scheme (Figure 9B). The powerful electrons (in the
CB of C3N5) and holes (in the VB of Bi,WO;) were maintained
to produce much active species (-O,”, -OH) with high redox
capacity for TC degradation and Cr®" reduction. Ultimately,
various QDs/g-C3N, composites have been used in the fields
of energy and environment by these charge transfer pathways,
bringing the considerable photocatalytic performances.%4

4. Applications of QDs/g-C;N, Composites in
Energy Fields
The global energy crisis is caused by over-reliance and over-use

of fossil fuel during last few decades. Therefore, it is imperative
to develop green energy resources (H,, H,0,) as a long-term
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fuel. Furthermore, this problem can be also solved by reducing
CO,; to the transitional fuel. As a combination of two novel
materials, QDs/g-C3;N, composites can be widely applied in
energy fields, which introduces in this section.

4.1. H, Production

H, is considered as an ideal substitute to fossil resources due to
its high specific enthalpy and environmentally friendly combus-
tion products.!3##L142l Meanwhile, photocatalysis technology
has emerged for its advantages of clean green and efficiency
in H, production since the first photocatalysis water splitting
experiment reported by Fujishima and co-workers."”) Com-
pared with other photocatalysts, g-C3N, has a moderate and
matched energy band structure, which was successfully applied
to produce H, under visible light.1%1%3] Recently, the integration
composites of QDs with g-C3N4 has shown remarkable photo-
catalytic water splitting ability, and the latest research progress
is summarized in Table 2.

In 2012, Ge et al. synthesized CdS QDs/g-C3N, photo-
catalysts with excellent light absorption performance for H,
production by chemical impregnation method.*l To further
release H,, it is necessary to introduce additional cocatalyst to
reduce the excessive overpotential during the H, production
process.[4956:65701 The author used Pt as a cocatalyst to load on
the composite by stirring and irradiation. Under visible light,
the photogenerated electrons transferred from the CB of g-C3N,,
to the CB of CdS QDs, and accumulated on Pt, and then partici-
pated in H, production (Figure 10A). Based on the synergistic
effects of Pt, CdS QDs and g-C3N,, the composites showed high
photocatalytic activity. Ultimately, the maximum H, produc-
tion rate of composites reached to 171 umol g h™' (9.1 times
higher than pure g-C3N,) in methanol aqueous. Considering
the relatively wide bandgap, g-C3N, as a main component
might hinder the visible light response potential of these com-
posites. Thus, the Zn-AgInsSg QDs as a main component were
combined with g-C3N, to enhance the light absorption ability
by Yang and co-workers."# Pt was used as an additional cocata-
lyst to accelerate the reaction kinetics of H, production as well.
With the excellent light absorption properties and the highly
photogenerated charges separation efficiency by a tighter inter-
face contact from Zn-AglnsSg QDs and g-C3N,, H, production
efficiency of composites reached to 346.4 umol g™* h™L. Besides,
Na,SO; and Na,S were employed as sacrificial reagents to con-
sume photogenerated holes and prevent the photocatalyst from
photo-corrosion. Ultimately, the H, production rate of compos-
ites exhibited no obvious reduction during three H, production
cycles in 15 h (Figure 10B). It could be seen that noble metals
(Pt, Ag, etc.) were widely supported in composites for efficient
H, production.®”") However, because of the high price as well
as low reserves of noble metals, the search for alternatives or
cocatalysts without the use of noble metals remains an ongoing
task [143.145)

Recent progress has been made in photocatalytic H, pro-
duction by combining some QDs as a cocatalyst with g-C;N,,
solving the problems of noble metals.#3°2699] In consid-
eration of Ti;C, QDs with high conductivity and abundant
active edge sites, Li et al. prepared a novel Ti;C, QDs/g-C;N,
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Table 2. Summary of the QDs/g-C3N, composites for H, production.

Sl
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Composites Synthetic method Conditions H, production Stability and reusability Refs.
rate [umol h™' g7
Ag QDs/g-C3N, One-step calcina- 50 mg of catalyst, 200 mL of 20% HER: 18.09 a maintained hydrogen production [73]
tion method methanol aqueous solution; 300 W Xe performance in a 10 h continuous
lamp (1> 420 nm) reaction (three recycles)
Ag,S QDs/g-C3N, Self-assembly 30 mg of catalyst, 100 mL of aqueous solu- HER: 471.1 Sight decrease of hydrogen evolution [147]
method tion with 10 vol% triethanolamine (TEOA); activity of the sample after the
300 W Xe lamp (4> 420 nm) accumulation of cycle times
CdS QDs/g-C3N, Chemical impreg- 100 mg of catalyst, 120 mL of 25% HER:172.7 No obvious decrease of H, evolution [49]
nation method methanol aqueous solution; 300 W Xe after irradiation for 28 h; no significant
lamp (4> 400 nm); loaded Pt change in the XRD patterns of the
catalyst after reaction
CdgsZngsS Hydrothermal 20 mg of catalyst, 100 mL of 0.35 m Na,S HER: 33410 No obvious decrease in the H, [59]
QDs/g-C3N, method and 0.15 M Na,SO; aqueous solution; generation rate after five recycles; no
300 W Xe lamp (4 =450+ 20 nm) detectable change in chemical state and
morphology of the sample
MoS, QDs/g-C3N, Wetness impregna- 50 mg of catalyst, 90 mL of deionized HER: 393.2 The average H, evolution rate [148]
tion method water, 10 mL of TEOA; 300 W Xe lamp maintained after 12 h cycle experiment
(A>420 nm); loaded Pt
MoS, QDs/g-C3N, One-pot hydro- 50 mg of catalyst, 120 mL of 25% methanol HER: 363.9 Only a slight decrease of photocatalytic [65]
thermal process aqueous solution; 300 W Xe lamp (4> H, evolution after three recycling runs,
420 nm); loaded Pt no apparent change in the XRD and
FT-IR patterns of the catalyst after
reaction
MoS, QDs/ 3D Photoassisted 50 mg of catalyst, 100 mL of 10 vol% lactic HER: 817.1 A negligible decrease of H, evolution [103]
spongy-like g-C3N, reduction method acid solution; 300 W Xe lamp (4> 400 nm) rate by the reaction after 12 hours
reaction
1T-MoS, QD/C3N, Sonication-assisted 20 mg of catalyst, 100 mL of 20 vol% TEOA HER: 565 No obvious decay of photocatalytic [95]
NRs hydrothermal aqueous solution; 300 W Xe lamp (1> activity under prolonged simulated
method 420 nm) solar light irradiation for 21 h; no
obviously change of structure in
XPS patterns of the catalyst after the
reaction
1T-MoS, QDs/g-C3N, Ultrasonic mixing 20 mg of catalyst, 100 mL of 20 vol% TEOA HER: 1857 No obvious decay of photocatalytic [43]
method aqueous solution; 300 W Xe lamp (1> activity under prolonged simulated solar
420 nm) light irradiation
NiS, QDs/g-C3N, A seed-mediated 5 mg of catalyst, 36 mL of water and 4 mL HER: 968.2 A continuous H; evolution [104]
hydrothermal of TEOA in a solution; 300 W Xe lamp (4> without notable deactivation
method 420 nm) during a consecutive 15 h photocatalytic
reaction
Ti;C, MXene Self-assembly 10 mg of catalyst, 100 mL of 15% aqueous HER: 5111.8 A slight decrease of the H, generation [41
QDs/g-C3N, method TEOA solution; 300 W Xe lamp (4> rate after three runs of catalyst
420 nm)
Cdo.5Zno.5sS QDs/ In situ precipitation 10 mg of catalyst, 100 mL deionized water HER: 5145 No noticeable decrease of H, evolution ma2]
honeycomb-like method that contained Na,S (0.25 m) and Na,SO; rate by the reaction for four cycles
g-C3Ny (0.35 M); 300 W Xe lamp (4> 420 nm)
Ni,P QDs/g-C3N,4 Evaporative deposi- 20 mg of catalyst, 20 mL of 20% TEOA HER: 1503 No obvious decrease of the H, [42]
tion combined aqueous solution; 300 W Xe lamp (1> generation rate after five runs, the no
calcination method 420 nm) change of microstructure in the TEM
patterns of the catalyst after reaction
CoP QDs/g-C3N, Deposition method 10 mg of catalyst, 70 mL water containing HER: 936 - [52]
10 mL of TEOA; 350 W Xe lamp (4>
420 nm)
CoP QDs/g-C3N, fiber Deposition and 20 mg of catalyst, 80 mL of 15% TEOA HER: 2420 The maintained catalytic activity as high [69]
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tion treatment

solution; 300 W Xe lamp (4 > 420 nm)
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as 95.6% after nine cycles, no obviously
change in the HRTEM, SEM and XPS
patterns of the catalyst after the cycling
experiment
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Table 2. Continued.
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Composites Synthetic method Conditions H, production Stability and reusability Refs.
rate [umol h™' g7
CQD/g-C3N, nano- Polymerization 50 mg of catalyst, 80 mL of 25 vol% HER: 3538.3 The maintaining significant leveling-off [149]
tubes (CCTs) method methanol aqueous solution; 300 W Xe tendency over four cycles for 20 h
lamp (4> 400 nm)
CN QDs/g-C3N, Impregnation-pre- 20 mg of catalysts, 50 mL of 10 vol% TEOA HER: =300 A continuous H, evolution without [150]
cipitation method aqueous solution; 300 W Xe lamp (1> obvious loss during the reaction process
420 nm)
Sn0,-ZnO In situ copyrolysis 5 mg of catalyst, 50 mL of 5% aqueous HER: 13673.61 Identical amounts of H, produced in all [157]
QDs/g-C3N, method glycerol solution with vigorous; 300 W Xe five successive experiments; no change
lamp (Max 303 model) (4> 400 nm) in the morphology and crystallinity after
the recycling experiments by HRTEM
and XRD
CeO, QDs/S-g-C3N, In situ deposition- 50 mg of catalyst, 100 mL of 20 vol% TEOA HER: 2923.8 The amount of H; increased linearly [70]
(nanotubes) precipitation aqueous solution; 300 W Xe lamp (4> within 14 h of visible light irradiation,
method 420 nm) unchanged crystal structure, mor-
phology, and chemical states of catalyst
after photocatalytic reaction
CoO QDs/g-C3N, One-step calcina- 5 mg of catalyst, 100 mL of 10 vol% TEOA HER: 11495 No apparent deactivation in the [75]
tion method solvent water; 300 W Xe lamp (4> 420 nm) hydrogen evolution rate of catalyst after
four recycles
Co30, QDs/g-C3N, Evaporation deposi- 50 mg of catalyst, 100 mL buffered solu- oxygen evolution [78]
tion and annealing tion (the mixture of 0.022 M Na,SiFg and reaction (OER)
method 0.028 M NaHCO3); 300 W Xe lamp (1>
420 nm)
TiO, QDs/g-C3N, Multi-step 50 mg of catalyst, 50 mL of 10 vol% TEOA HER: 6308 Without obvious decrease of the cumula- [90]
NSs assembly method aqueous solution; 300 W Xe lamp (4> tive H, evolution in repeated runs; no
400 nm) noticeable change in the XRD, XPS, and
FT-IR measurements after photocatalytic
reaction
CdS QDs/P-g-C3N, In situ oil bath 10 mg of catalyst, 100 mL aqueous solu- HER: 1579 The maintained H, evolution rate of [85]
method tion having Na,S (0.35 m) and Na,SO; catalyst after 15 h reaction
(0.35 m); 300 W Xe lamp (1> 420 nm)
CdS QD/ Microwave method 0.25 M Na,S/Na,SO;; HER: 294.32 The amount of H, generation main- [152]
MoO;-OV/g-C3N, tained the proportionality for each 7 h
continuous irradiation time, no obviously
change of crystal structure in XRD pat-
terns of the catalyst after the reaction
CdSe QDs/g-C3N, - 5 mg of catalysts, 10 mL of the water, 0.1 m HER: 615 A steady increase of photocatalytic H, m3)
L-ascorbic acid; 500 W high-pressure Hg under continuous illumination for 12 h
lamp (4> 420 nm) and a maintained rate after three cycles;
no apparent change of crystal structure
after photocatalytic reaction
CdSe QDs/TF-g-C3N, In situ growth 5 mg of catalyst, 20 mL aqueous solu- HER: 31000 No visible decrease in the performance [133]
technique tion of 0.1 M Na,S electrolyte and 0.1 m and maintaining the H, evolution rate
Na,SO3; 400 W Xe lamp (4> 420 nm) during three successful repetitions
WS,/CdSe Chemical impreg- 10 mg of catalyst, 20 mL of 10% TEOA HER: 1174.5 The almost unchanged H, evolution [67]
QDs/g-C3N, nation method aqueous solution; 300 W Xe lamp (4> rate after four runs under visible light
420 nm) irradiation
CdSe Self-assembly 30 mg of catalyst, 120 mL of aqueous HER: 1435 [51]
QD/B-rGO/O-g-C3N, method solution containing 0.1 m ascorbic acid
(AA); Xe arc lamp (CHF-XM-500 W) (4>
400 nm)
TiO,/CQDs/g-C3N, Impregnation 50 mg of catalyst, 100 mL deionized water; HER: 6.497 - [153]
method 300 W Xe lamp (4 > 400 nm)
TiOyx nanobelts/CdS Calcination-chem- 100 mg of catalyst, 100 mL of 20% HER: 2233 No significant loss of activity after four [154]

QDs/g-CsN,
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Composites Synthetic method Conditions H, production Stability and reusability Refs.
rate [umol h™' g7
NCDS/MoS, Self-assembly 50 mg of catalyst, 100 mL of 10 vol% TEOA HER: 212.41 No obvious decrease of the photocata- [50]
QDs/g-C3N, and solvothermal water; 300 W Xe lamp (4> 420 nm) lytic hydrogen evolution activity after for
methods four consecutive cycling photocatalytic
experiments
Zn-AglnsSg In situ hydro- 50 mg of catalyst, 100 mL aqueous solu- HER: 346.4 No obvious reduction of H, evolution [144]
QDs/g-C3N, thermal method tion of 0.25 M Na,SO3 and 0.35 M Na,S; rate during three photocatalytic hydrogen
300 W Xe lamp (4> 420 nm); loaded Pt production cycles in 15 h
Ti3*-TiO,/MoS, Chemical template 50 mg of catalyst, 100 mL of 10 vol% TEOA HER: 1524.37 A decent cycling stability and a higher 6]
QDs/g-C3N, hollow deposition and aqueous solution; 300 W Xe lamp (1> average in consecutive 30 h (six cycles)
nanosphere sculpture-reduction 420 nm) photocatalytic hydrogen production
processes process
SnO, QDs/ Hydrothermal 5 mg of catalyst, 50 mL aqueous solution HER: 9500 The highly stable with recyclability of [61]
AgVOs/g-C3N, method containing 0.25 mol L of each Na,SO; catalyst after five successive cycles.
and Na,S, 300 W Xe lamp (4> 420 nm)
Ag/CQDs/g-C3N, Polymerization 5 mg of catalyst, 70 mL water solution HER: 626.93 No distinguishable discrepancy in [155]
method containing 10 mL TEOA; 300 W Xe lamp catalytic effect after four periods under
(A>420 nm); visible light illumination; no obvious dif-
ferences in the XRD patterns and FT-IR
spectra of 3SCCN before and after the
circulation test
xCo(dcbpy),(NCS),/ Ultrasonic assisted 50 mg of catalyst, 100 mL of 10 vol% TEOA HER: 295.9 Slight decrease in catalytic effect after [156]
CQDs/CN method solvent water; 300 W Xe lamp (PLS-SXE four cycles in 16 h under visible light
300/300UV) (4> 420 nm) illumination
CQDs/Cl/3DOM-CN Impregnation 30 mg of catalyst, 100 mL of aqueous HER: 8120 No significant decrease for the photo- [57]
method solution with 10 vol% TEOA and 2 wt% Pt; catalytic activities of the sample after
250 W Xe lamp (4> 420 nm) four cycles experiment
MoC QDs/carbon Ultrasonic evapora- 30 mg of catalyst, 10 mg Eosin Y (EY) and HER: 300.9 - [158]
film/g-C3N, (3D) tion assisted 30 mL of 15% v/v TEOA solution; 300 W Xe
method lamp (1> 420 nm)
MoC QDs-C/g-C3N, Self-assembly 20 mg of catalyst, 100 mL of aqueous solu- HER: 2989 Without any significant decrease of [159]

(MCCN)

method

tion with 10 vol% TEOA; 300 W Xe lamp

(A>420 nm)

reproducible photocatalytic activity in
four cycling tests; no noticeable change
in the XRD characterization before and

after the photocatalytic stability test

composite for H, production by a simple self-assembly
method.! The tiny size of Ti;C, QD attained a larger specific
surface area (40.149 m? g7!) with abundant active sites. Fur-
thermore, the photogenerated electrons could be transferred
from g-C3N, to Ti;C, QDs, which quickly participated in H,
production on the active sites of Ti3;C, QDs (Figure 10E). The
optimized Ti;C, QDs/g-C;N, composite achieved a significantly
photocatalytic H, yield (Figure 10C,D), which was nearly three-
fold higher than Pt/g-C;N,. Also, a trigonal phase MoS, (1T
MoS,) has the unique edge activity, dense active sites as well as
the excellent electrical conductivity.'*l Thus, Liang et al. loaded
a number of 1T-MoS, QDs on the edge of g-C3N, (Figure 10F),
which exposed abundant active sites and attained H, precipita-
tion rate of 15% 1T-MoS; QDs/g-C3N, up to 1857 umol g h~1.[4l
The similar transition metal phosphates (like Ni,P) in com-
posites with g-C3N,, efficiently inhibited the recombination of
photogenerated e™—h" pairs, which endowed an excellent pho-
tocatalytic performance without noble metals.[25425269 Apart
from CQDs or GQDs considered as cocatalysts to enhance
charge transfer ability, researchers have taken advantage of
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their up-conversion properties, which stimulated composites to
form more e~h* pairs.[100:119.120]

Recently, a breakthrough study has found that the more uni-
form and ordered combination of QDs and g-C3N, endowed
better photocatalysis of the composite. Raheman and co-
workers prepared a novel photocatalyst CdSe QDs supported
on thiol (—SH) functionalized g-C;N, sheets (TF-g-C;N,) for
H, evolution.!33 The strong affinity of the —SH group to CdSe
QDs was beneficial to high coverage density and uniform
dispersion of CdSe QDs, which endowed this system more
light-absorption as well as the photogenerated e—h* pairs
(Figure 11A-C). It was worth mentioning that the -SH group
acted as a hole quencher and inhibited photogenerated e™h*
pairs recombination. Both of them would promote high charge
separation efficiency and endow an outstanding photocatalytic
activity (31000 pumol g h™Y), which was almost 12.3 times
greater than that of TF-g-C;N,. Therefore, the uniform and
ordered combination of functionalized g-C;N, gave the com-
posite better photocatalytic effect, and similar strategies should
be developed intensively.

(16 of 36) © 2023 Wiley-VCH GmbH
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Figure 10. A) Schematic of photogenerated charge transfer in the CdS QDs/g-C3N, system under visible light irradiation. Adapted with permis-
sion.[®l Copyright 2012, Royal Society of Chemistry. B) Stability study of photocatalytic hydrogen production over the 0D/2D Zn-AglnsSg/g-C3N,-
10%nanocomposite. Adapted with permission." Copyright 2019, Elsevier. C) Photocatalytic H, evolution and D) rate of g-C3N,4 NSs, Pt/g-C3Ny, TisC,
MXene/sheet/g-C;N,, and g-C3N,@Ti;C, QDs; E) schematic photocatalytic mechanism of g-C;N,@Ti;C, QD composites. Adapted with permission.[!
Copyright 2019, American Chemical Society. F) HRTEM image of 1T-MoS, QD@g-C;N, composites (15 wt%) (inset shows the magnification of the
region enclosed by the pink circle). Adapted with permission.3] Copyright 2019, Royal Society of Chemistry.

In general, photocatalytic water splitting should obtain suf-
ficient energy to active reactions Equation (1). This is to say
that the photons with hv should be greater than or equal to
the bandgap of photocatalysts. The water splitting involves two

equations (Equations (2) and (3)).[14]

H,0+hv —1/20, + H, AG® =237.2k] mol™ 1
H,0+4h* -0, +4H" AE°=1.23V ()
2H" +2¢" > H,AE°=0V 3)

G-C;3N, can satisfy the redox potential of water splitting, but
its easy recombination of photogenerated e —h* pairs and the
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limited visible light range have to be considered. The combina-
tion of QDs and g-C3N, can solve these problems and brings a
high H, production efficiency. Moreover, the use of cocatalyst
such as noble metals reduce the excessive overpotential during
the H, production process and enhances the photocatalytic per-
formance of H, production.*566>70] Interestingly, some QDs/
g-C3N, with high conductivity can endow photocatalytic perfor-
mance corresponding to noble metal/g-C3N, composites with
high efficiency.l?>#~3526 The uniform load of QDs is also an
effective way to promote H, production.!'*3l The general mecha-
nism of H, production is shown in Figure 11D. Under visible
light, QDs/g-C3N, composites produce e —h* pairs. Then, the
photogenerated electrons transfer to QDs (abundant active
sites) and even reach the additional cocatalysts, which finally

© 2023 Wiley-VCH GmbH
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Figure 11. A) Transient photoelectrochemical activities of photocatalyst on-off cycles; B) UV-vis diffuse reflectance spectra (DRS) of as-prepared
photocatalysts; C) schematic representation of CdSe QDs sensitized thiol-functionalized g-C3N,4 sheet; D) the general mechanism of H, production by
QDs/g-C3N, composites. Adapted with permission.[33 Copyright 2020, Elsevier.

reduce H* to H,. At the same time, the photogenerated holes
can oxidize H,0 to produce O, or be consumed by sacrificial
agents when H,0 cannot be oxidized.

4.2. H,0, Production

Recently, H,0, has been found to be promising as a substitute
for H, due to its application in fuel cell energy carriers, which
has attracted significant attention.l*1% Among the methods
of H,0, production, photocatalysis is considered as a superior
method by reasons of its nonpolluting nature and safety.[1%
G-C3N, has been an ideal materials for H,0, production since
water/alcohol was mixed with O, for selective formation of
H,0, under visible light in 2014.1160163164] The latest reports
show that a variety of QD/g-C3N, composites have used the
transformation of O, into H,0, production./>*16>166]

For example, Yang et al. constructed a metal-free boron
nitride QDs/ultrathin porous g-C3N, (BNQDs/UPCN) photo-
catalyst by a facial stirring.'®! Results demonstrated that the
photogenerated electrons efficiently separated and transferred
based on the BN QDs as cocatalysts as well as the ultrathin and
porous nanostructure of g-C3N, (Figure 12A,B). Moreover, iso-
propanol (IPA) was used to enhance the H,0, production as a
proton donor. Benefiting from these, the production of H,0,
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reached to 72.3 umol L' h™! by a two-electron reduction of
0O, (0, + 2 H* + 2 e — H,0,) because the negative CB level
of BNQDs/UPCN (-0.95 V vs NHE) was more than the redox
potential of O,/H,0, (0.69 V vs NHE).

Interestingly, some studies have demonstrated that photocat-
alytic H,0, generation can also be achieved through two-step
single-electron O, reduction reaction and even H,0O oxidation
reaction by photogenerated holes. Chen et al. fabricated a
Z-scheme photocatalyst of o-Fe,03/CQDs@g-C3;N, in polyvi-
nylpyrrolidone (PVP) solution through solvothermal method.*l
Apart from a broad absorption range (up to 800 nm) of CQDs
(Figure 12C), the composites load o+Fe,0O; QDs provided an
efficient photocatalytic reaction. Results from various active
species and rotating ring-disk electrode tests demonstrated that
the high production of H,0, in two-step single-electron (O, +
e — 0,7, -0, + 2 H" + e — H,0,) was substituted by o+
Fe,03;/CQDs@g-C3;N,. Moreover, the E(VB) of o-Fe,0; QDs
was more positive than E(H,0,/H;0) (1.76 V vs NHE), so the
photogenerated holes on o-Fe,0; QDs might oxidize H,O to
H,0, as schematically illustrated in Figure 12D. In this system,
H,0 and O, were converted to H,0,, avoiding the use of sacri-
fice agents and reducing costs.

Recently, it has been found that although composites have
good photocatalytic performance, the lattice and band mis-
match between two materials still hinder the separation and

(18 of 36) © 2023 Wiley-VCH GmbH
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Figure 12. A) TEM images of BU-3; B) steady-state photoluminescence spectra.Adapted with permission.l'®%l Copyright 2018, Elsevier. C) UV-vis DRS
spectra of g-C3N4, CQD@g-C3Ny, 0-Fe,03/CQD@g-C3N,, and o-Fe,O3; D) the photocatalytic H,0, generation mechanism of o-Fe;O3/CQDs@g-C3N,
featuring the Z-scheme charge transfer route. Adapted with permission.l* Copyright 2020, Royal Society of Chemistry. E) (Ahv), versus hv curve and
F) UV-vis absorption spectra of CN QDs, bare g-C3Ny, and HJ-C3Ny; G) the estimated energy band structure of CN QDs and bare g-C;N,; H) the general
mechanism of H,0, production by QDs/g-C;N, composites. Adapted with permission.l'®€l Copyright 2021, Elsevier.

transport of photogenerated e™—h* pairs. To overcome the
incompatibility of different materials, Ma et al. constructed a
novel 0D CN QDs/g-C3N, homogeneous junction (HJ-C3N,)
by a calcination method. The composites were first applied to
H,0, production with a yield of 115 wmol L™ h! (the highest
yield among non-metallic materials) by a two-electron O, reduc-
tion reaction.'®l The type-1 homojunction (Figure 12G) without
a Schottky barrier was more conducive to the rapid separation
of carriers compared with the traditional type-I heterojunc-
tion. Furthermore, O, was introduced into CN QDs during
the calcination process. Thus, the oxygen-containing groups
in CN QDs caused the defective energy level, which endowed
CN QDs the advantages of capturing photogenerated elec-
trons and inhibiting the recombination of e—h* pairs. The CN
QDs with narrow bandgap supplied a benefit of unique light
absorption performance and up-conversion effect, exhibiting
the better light absorption range and light absorption capacity
of HJ-C3N, (Figure 12E,F). Furthermore, HJ-C3N, had a high
stability after four cycle experiments. All above fully reflected
that the HJ-C3N, obtained by green and simple method had a
promising application prospect.
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Typically, the photocatalytic reduction of O, to H,0, needs
the addition of sacrificial agents as proton donors (mainly alco-
hols), which increases the cost of H,0, production.>+165166]
Currently, the reduction of O, and H,0 to H,0, is a way that
avoids the use of sacrificial agents. However, the H,0, produc-
tion with sacrificial agents is more efficient than the system
without sacrificial agents.’*1%71 Although researchers have
made many efforts, there are still many challenges. Therefore,
more experimental and theoretical works are needed to further
reveal the mechanism of reaction and improve the efficiency
of H,0, production without sacrificial agents. The probable
mechanism of photocatalytic H,0, production is demonstrated
in Figure 12H. Under visible light, g-C;N, and even QDs are
photogenerated to produce e™—h* pairs as well as the photo-
generated electrons transferred to the CB of g-C3N,/QDs. The
active electrons in CB reduce O, to H,0, by two-electron (O, +
2 H* + e~ — H,0,) or two-step single-electron (O, + e~ — -0,
-O,” + 2 H" + e — H,0,) reaction, while the CB level of com-
posites is negative than O,/H,0, (0.69 V vs NHE). Moreover,
when the VB level of composites is positive than H,0/H,0,
(176 V vs NHE), the active holes in VB oxidize H,0 to H,0,

© 2023 Wiley-VCH GmbH
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by directly oxidation reaction (2 H,0 +2 h* — H,0, + 2 H), or
else react with sacrificial agents.

4.3. CO, Reduction

Spurred by the exhaustion of fossil fuel resources and the
excessive CO, emission, the utilization of CO, as feedstock
for the production of chemical fuels has been investigated
worldwide.[1981%9] Since Inoue and co-workers first attempted
it in 1979s,7% artificial photosynthesis has been widely used
in the photocatalytic conversion of CO, and considered as a
promising way to sustainably recycle of CO, under green con-
ditions.1%81% Theoretically, g-C3N, exhibits a m-conjugated
structure on its surface, which can be used for CO, reduction
by absorbing CO, through 77 interactions.”!l' Nevertheless,
the lack of CO, adsorption and activation sites, slow surface
reaction kinetics and inefficient charge separation are the main
obstacles for g-C;N, to reduce CO,."2 Recently, challenges
have been addressed in the reduction of CO, to CH, and/or CO
by using QD/g-C3N, composites, and the corresponding studies
are summarized in Table 3.

For instance, Li et al. demonstrated oxygen-doping CN
(OCN) decorated with CQDs exhibited a higher CH, produc-
tion (14 times) than pure CN.[2I The results showed that the
CQD/OCN-25% and OCN-25% exhibited the stronger physi-
cally absorbed CO, on the relatively weak basic sites. More-
over, CQDs played a role of accelerating the charge transfer
and providing abundant active sites to the activation process
of CO,. Ultimately, the OCN with high nitrogen defects facili-
tated the dissociation of H,0 to supply more H*, which pro-
vided an important prerequisite and accelerated the reaction

Table 3. Summary of the QDs/g-C3N, composites for CO, reduction.
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kinetics for the higher selective production (70%) of CH,
(Figure 13A).

Besides, the adsorption of CO, is a major process and pre-
requisite for reducing CO, via the photocatalyst. Researchers
found that the 3D porous g-C3N, material showed convenient
transfer channels, long contact times and good CO, absorp-
tion capacity.'”3! To achieve higher CO, conversion efficiency,
Sun et al. exploited a novel Z-scheme heterojunction Cu,0O
QDs/3D g-C3N, foam (CFC) composite through a simple
photo-deposition treatment.>3l On the one hand, the 3D g-C;N,
foam endowed QDs with a carrier, which greatly improved
the performance of CO, adsorption and mass transfer prop-
erties as well as enhanced the excellent photocatalytic activity
(Figure 13B-D). On the other hand, the Cu,0 QDs loading on
the 3D g-C3N, foam caused a slight decrease in CO, adsorption
due to the inevitable disruption of the framework structure of
the foam. However, the Cu,0 QDs acted as an effective elec-
tron store to accelerate the charge carrier transfer and provided
active sites for the reduction of CO, (Figure 13E,F). All sam-
ples could achieve the thermodynamic requirements (reducing
CO, to CO) in terms of their strong reducibility. Eventually, the
Cu,0 QDs/g-C3N, foam exhibited CO, CH, production rate
arriving 8.182 pmol g h™! and 0.0805 pwmol g h7}, respec-
tively, which was 3.9-fold and 11-fold higher than that of g-C3N,
foam. Compared with CQDs/OCN, this composite showed the
higher production of CO than CH,. This is because the conver-
sion of CO, to CO needs only 2-electron, while the conversion
of CO, to CH, needs 8-electron, making it easier to form CO
rather than CH,.

In recent years, the emergence of density functional theory
(DFT) provides a clearer and more intuitive explanation for
the mechanism of reaction. Gong and co-workers constructed

Composites Synthetic method Conditions Reduced productions Stability and reusability Refs.
fumol b1 g1

CsPbBr; QDs/g-C3N, Self-assembly 8 mg of catalysts; 30 mL of 148.9 (CO) No obvious changes of XRD patterns ms]

method acetonitrile/ethyl acetate with and FTIR spectra of catalysts before
100 pL of deionized water and after stability test

Cu,0 QDs/ g-C3N, foam Photodeposition 50 mg of catalysts; 10 mL of 8.182 (CO) No significant decrease of [53]

method water 0.0805 (CHy) photocatalytic activity after five
continuous cycles

rGO/g-C3N, QDs/g-C3N, NFs Hydrothermal 15 mg of catalysts; 30 mL of 170 (HCHO) No significant loss in activity even [175]
method Na,COj3 solution (0.01 m) after the fourth cycle

CQDs/O-g-C3N, One-pot 50 mg of catalysts; water 1.73 (CO) The identical FTIR spectra of N72]

hydrothermal 0.15 (CHy) the sample before and after the

approach photocatalytic reactions

CdSe QDs/ P doped g-C3N, Self-assembly 50 mg of catalysts; 3 mL of 25 (CO) No deactivation even after 6 runs [45]
method water 48 (CHy) eachof7h

Bi,S; QDs/g-C3N, Hydrothermal 50 mg of catalysts; 100 mL 6.84 (CO) The stable yield of CO during three [60]
process deionized water 1.57 (CHy) experimental runs

NiS, QDs/ g-C3N, Hydrothermal 50 mg of catalysts; 100 mL 10.68 (CO) No obvious structural change and [48]
process deionized water deactivation after three cycling tests

for15h
InVO, QDs/CN Chemical solution 5 mg of catalysts; 10 mL of 69.8 (CO) The negligible decline and no change [94]

growth method

mixed solvents (acetonitrile/
water = 2:3), 2 mL of TEOA

of morphology after 4 consecutive
cycles for 40 h
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Figure 13. A) The schematic mechanism of CO, photocatalytic reduction over CQDs/OCN-x under visible light irradiation. Adapted with permission.[72
Copyright 2019, Tsinghua University Press. SEM images of B) pure g-C3N, foam, C) CFC-0.05, D) CFC-0.1; E) CO, quantity absorbed of g-C3N,, g-C3N,
foam and CFC-0.2; F) the room-temperature PL spectrum of g-C3;N, foam and CFC samples. Adapted with permission.[*¥l Copyright 2019, Elsevier.

InVO, QDs/g-C3N, with S-scheme heterojunctions by a chem-
ical solution growth method and produced a selective conver-
sion of CO, to CO (93.3%) at a decent rate of 69.8 umol g h™!
under visible light irradiation.¥ The reaction process for CO,
reduction and the transport mechanism of InVO, QDs/g-C3N,
were discussed through DFT calculations for the adsorption
energy and electronic structure. On the basis of experimental
results and references, the reduction of CO, to CO was been

proposed in Equations (4)—(8).4
CO,(g)—Co, * (4)
CO, *+e — COj * (5)
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CO; *+H" — COOH * (6)
COOH *+H" +e~ — CO*+H,0 )
CO*— CO (8)

CO,* adsorbed on the photocatalyst was activated to CO, ™*
and then combined with h* to COOH¥*, which was proved as
the main process in the whole CO, reduction. The final product
CO* was formed through the combination of COOH* with e™—
h* pairs. The relative free energy (AG) of the g-C3N, and InVO,,
QDs/CN for reduction of CO, to CO were shown in Figure 14A,
from which it could be seen that the lower AG (-0.46 eV) of
InVO, QDs/CN indicated its enhanced adsorption ability for
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Figure 14. A) Relative free energy profiles for CO, reduction to CO: rate determining and Selectivity determining; B) the mechanism of S-scheme
0D/2D InVO,/CN as a photocatalyst for CO, reduction; C) the simulation models of g-C3N,, InVO,, InVO,/CN heterostructure; the density of states of
D) g-C3N, atomic slab, E) InVO, atomic slab, and F) InVO,/CN heterostructure. Adapted with permission.® Copyright 2021, Elsevier.

CO,. Obviously, the heterojunction of InVO, QDs/CN would
reduce the activation energy barrier of CO,. Moreover, the
desorption of CO from the composites needed a lower energy
(0.42 eV) than that for hydrogenation (0.72 eV) or dissociation
(2.91 eV). Thus, CO would preferentially absorb from the com-
posites instead of further reacting, which acted as the major
products. The density of states (DOS) of g-C;N,, InVO, QDs
and InVO, QDs/CN were calculated to insight into the elec-
tron-hole transport as well (Figure 14C-F). The author pointed
out that the electronic structure of InVO, QDs/CN showed a
considerable change and a narrow bandgap were brought on
account of strong interface interaction. Based on the experi-
mental analysis and DFT calculation, electrons were more
easily transferred to CB for CO, reduction via the S-scheme
heterostructure, which provided a strong driving force for CO,
reduction (Figure 14B). This experiment exhibited a theoretical
support for the photocatalytic process of CO reduction.
According to the previous studies, the reduction of CO, can
be summarized as a multi-electron transfer process (Figure 15).
In detail, the QDs/g-C3N, photocatalysts are stimulated to pro-
duce e-h* pairs. Then, CO, absorbed on the surface can be
reduced to other substances by the activated electrons. The pos-
sible reaction processes and corresponding redox potentials are
listed below (Equations (9)—(13)).3%74 Therefore, increasing
the adsorption capacity of CO,, the number of activation sites
and charge separation ability are the main ways to enhance
the reduction efficiency of CO,. Moreover, studies have found

Small 2023, 2205902

that DFT calculation may provide a theoretical support for the

photocatalytic process of CO reduction as much as possible.

[94]

In the future, further combining experiments with DFT
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calculation may be expected to design QDs/g-C3N, photocata-
lysts with high yield and high efficiency for CO, reduction.

CO, +2H" +2¢” — HCOOH AE° =—-0.61V 9)
CO, +2H" +2¢” — CO+H,0AE* =-0.53V (10)
CO, +4H" +4e” - HCHO+H,0AE® =-0.48V (11)
CO, +6H" +6e” — CH;O0H+H,0 AE® =-0.38 V (12)
CO, +8H" +8e — CH, +2H,0AE° =-0.24V (13)

5. Applications of QDs/g-C;N, Composites in
Environmental Fields

Due to the quick development of society, industrial production
and human activities have generated a large amount of pollu-
tion over the decades. The release of pollutants (e.g., organic
pollutants, poisonous gas) has adversely affected on animal and
human health and become a serious environment concern.>l
It is reported that QDs/g-C3N, composites also act as a vital role
in the fields of environment (the treatment of pollutants) due to
their excellent photocatalytic properties.

5.1. Organic Pollutants Degradation

Organic pollutants (e.g., antibiotics and dyes) in industrial
wastewater are persistent, aquatic toxic, and mutagenic and of
widespread concern for their adverse ecological effects.l’! Pho-
tocatalysis has been widely used as an effective strategy for the
degradation of organic pollutant. A large number of studies
have shown that QDs/g-C;N, composites are ideal photocata-
lysts for the removal of organic pollutants.

Fan et al. designed CdS QDs/nanoporous g-C3N, (CdS QDs/
png-C3N,) photocatalysts for rhodamine B (RhB) degrada-
tion.[%! The composite achieved high degradation performance
(close to 88.2%) because of the expanding light absorption
range and efficient separation of e™—h* pairs. This work illus-
trated the mechanism of CdS QDs/png-C;N, for degrada-
tion under visible light irradiation as following (Figure 16A):
i) photogenerated carriers separated and migrated under vis-
ible light irradiation (Equation (14); ii) the photogenerated elec-
trons captured O, to produce -O,”, which degraded RhB and
finally generated CO, and H,0 (Equations (15) and (20)). How-
ever, the redox reactions of type-II heterojunction photocata-
lysts occur at lower potentials respectively, limiting the redox
capacity. For purpose of enhancing the degradation efficiency of
the composite by stronger redox capacity, BisTaO; QDs/g-C3N,
nanosheets (NSs) with Z-scheme heterojunction was designed
for antibiotic degradation by Wang and co-workers.8% Abun-
dant -OH and -0, as the main active substances were pro-
duced in the composite by effective Z-scheme charge transfer
on the heterogeneous interface, shown in Figure 16B. Apart
from that, due to excellent photoelectronic properties, noble
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metals (Ag,°%""l etc.) and carbon material (CQDs,10M17817]
GQDs, ™ etc.) were also used as cocatalysts to enhance the sep-
aration of photogenerated e —h* pairs and produce more active
substances.

Due to the good light absorption performance of certain pol-
lutants, there may be photosensitization between them after
these pollutants being adsorbed by photocatalysts with relatively
large specific surface area. Liu et al. composited CQDs/g-C3N,
composites via a facile polymerization method for the degrada-
tion of diclofenac (DCF) and showed a 100% removal efficiency
within 60 min.”®! Figure 16C,D shows that the C—O—C bond
between CQDs and g-C;N, provided the tight interface con-
tact to transfer photogenerated electrons from DCF to g-C3Ny,
enhancing the photocatalytic activity of CNC. The activated
electrons on CB of g-C;N, reacted with O, to generate -O,.
Apart from most direct reactions with DCF, some of -0, will
be converted to -OH to degrade DCF. This mechanism might
provide a new perspective for photocatalytic degradation reac-
tions under visible light irradiation.

Interestingly, the photo-Fenton processes catalyzed by Fe-
based QDs/g-C;N, materials have been acted as an effective
method for organic pollutant degradation.® To explore the
photocatalytic performance in the presence of H,0,, Qian et al.
successfully coupled amorphous FeOOH QDs with g-C3N, as
a light-driven photo-Fenton photocatalyst for the degradation
of methylene orange (MO).'””] They proposed that g-C;N, was
excited to generate e’—h" pairs under visible light, and then the
photogenerated electrons partaken in the Fe(II)/Fe(IIl) cycle
and produced - O, with O,. More than that, the photogenerated
electrons were also snatched by H,0, (strong oxidant), which
facilitated the generation of -OH as well as the effective separa-
tion of photocarriers (Equation 16). Ultimately, the -OH as the
predominant oxidants, h* and - O, contributed to degrade MO
under visible light irradiation (Figure 16E). In the same year,
Hao et al. constructed crystalline Fe,0; QDs/g-C3;N, photocata-
lysts, which offered fast carriers transport ways through the
tight interface contact between Fe,O; QDs and g-C;N,.[8U This
composite endowed 85.2% degradation efficiency of MO by the
same way.

However, these photocatalysts in powder state are tough to
recycle from water treatments and lead to secondary pollution.
Considering that, Zhu et al. fabricated magnetic QDs@ Co-
doped g-C;N, (Fe;04 QDs@Co-CN) composites for TC degrada-
tion.l8? The authors pointed out that the red-shifted absorption
edge of composites and the enhanced absorption capacity were
ascribed to the Co doping effect reducing the bandgap and the
quantum effect of Fe;0,QDs. More importantly, the reduced
bandgap by Co doping promoted the rapid separation of e —h*
pairs and the transferred photogenerated electrons to Fe;O,
QDs. Due to the synergistic effects of Co doping and the forma-
tion of Fe;0, QDs, the composite showed excellent TC degrada-
tion efficiency (80.5%). Additionally, the magnetic Fe;0, QDs@
Co-CN could be easily recovered from solution and retained
79% degradation effect and magnetization saturation value
(=5.48 emu g7} after 4 cycles.

In fact, the additional H,0, increases the cost and safety
risks, limiting the photo-Fenton reaction. Recently, researchers
have discovered generating and utilizing H,0, in situ in
Fenton system with ideal g-C3N, materials could effectively
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Figure 16. A) Schematic of photogenerated charge transfer in the CdS QDs/npg-C;N, system under visible light. Adapted with permission.l®l Copyright
2015, Elsevier. B) Z-scheme photocatalytic mechanism for Bi;TaO; QDs/g-C3sN, NSs composite. Adapted with permission. Copyright 2017, American
Chemical Society. C) The high-resolution XPS spectra of C 1s of pure g-C3N4 and CNC2; D) Schematic illustration of photosensitization-like degrada-
tion of DCF. Adapted with permission.l"# Copyright 2018, Elsevier. E) A schematic illustration of visible light driving photo-Fenton oxidation of organic
pollutants over FeFOOH QDs coupled g-C;N,. Adapted with permission.'?’] Copyright 2018, Elsevier. F) Proposed catalytic degradation mechanism of
Co30, QDs/CNNS in PMS/vis system. Adapted with permission.!" Copyright 2018, Wiley-VCH.

avoid this problem.l6L1%4 Shi et al. utilized the coupling of
FeOOH QDs and ultrathin porous g-C3N, (UPCN) to degrade
Oxytetracycline (OTC).'®Y) On the one hand, the in-situ pro-
ducing H,0, of UPCN combining with FeFOOH QDs formed
the photo-Fenton system. On the other hand, the structure of
UPCN accelerated the photogenerated electrons transferring
to FeOOH QDs, which reduced Fe3* to Fe?* for participating
in Fenton reaction. Under visible light, the produced H,0, by
20% FeOOH/UPCN composites participated in photo-Fenton
reaction to reach 86.23% removal efficiency within 120 min.
These findings suggested that the combination of Fenton reac-
tion and photocatalysis has an incredible effect on the deg-
radation of pollutants, mainly due to H,0, (oxides) for the
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acquisition of electrons, which prompt the separation of photo-
generated e™—h* pairs.

To date, sulfate radicals (SO, ) based advanced oxidation
processes (SR-AOPs) have attracted extensive attention due to
their adaptability and strong oxidation capacity.76183184 The
combination of catalyst and peroxymonosulfate (PMS) or per-
oxydisulfate (PDS) is an effective measure to generate sulfate
radicals (SO, ) (Equations (17)—(19)).11%8]

For the sake of understanding the role of PMS in QDs/g-
C3Ny system, Cao et al. prepared Co;0, QDs/CNNS hetero-
structure photocatalyst for the degradation organic pollutant by
activating PMS.IMU The author investigated the main mecha-
nism: i) Co;0, QDs/CNNS generated photocarriers under
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visible light irradiation. Subsequently, the photogenerated
e~ transferred to CNN (the lower CB) were captured by O, to
produce -O, and activated PMS to produce SO, ~, further
producing -OH; ii) The chemical reaction of Co;0, QDs in
the composite also activated PMS for the generation of SO, .
These free radicals with strong oxidation capacity could degrade
organic pollutants into H,O and CO,; and iii) h* accumulated
on the surface of Co30, QDs could directly degrade pollutants
(Figure 16F). The author also testified that Co;0, QDs/CNNS/
PMS system had a universal applicability and an excellent deg-
radation efficiency of multiple organic pollutant.

However, the traditional metal-containing photocatalyst is
more easily to leach and may cause secondary pollution.!’]
Therefore, recent studies have also shown the possibility of
metal-free QDs and g-C3N, being used to activate PMS/PDS
for the degradation of organic pollutants.’*? Ming et al.
constructed CQDs/polymer carbon nitride (PCN) via a hydro-
thermal method and removed bisphenol A (BPA) through the
activation of PMS under the visible light irradiation.'?”) The
heightened light properties of CQDs/g-C3N, composites were
attributed to the up-conversion effect. The shorter PL inten-
sity indicated the easier separation of photocarriers due to the
strengthened interface structure connection and the grab of
photogenerated electrons by oxidants. Eventually, CQDs/PCN/
PMS/vis system exhibited an optimal BPA degradation effi-
ciency (95% removal within 30 min).

Generally, CN has become a wan der Waals (VDWs) hetero-
structure with CQDs to construct a fast channel and decrease
the energy consumption of charge transfer.'?”) However, the
charge carriers of CN must overcome a large barrier to reach
the CQDs as well, which cannot maximize the utilization of
photogenerated electrons.'8 Thus, lateral heterostructures
(LHSs) are constructed between CQDs and CN to solve this
limitation and gave a closer contact than the traditional CQDs/
CN (CCN).*I Sj et al. prepared a lateral CQDs/CN (LCCN)
photocatalyst via a thermal polymerization method for TC deg-
radation.!?% The author used DFT calculations to attain the
adsorption energies and the I(O-O) length between dissolved
oxygen (DO) and the samples at different location. It was veri-
fied that the LHSs constructed a micro-regional electron delo-
calization for the better absorption and the easier activation of
DO (Figure 17A-C). Besides, TC was adsorbed around LHSs
on LCCN, causing the unpaired electrons of TC activated and
transferred to CB of g-C3N,. Plenty of - O, as single active spe-
cies were generated by the photoelectrons, the unpaired e~ of
TC and the better absorption of DO (Figure 17D). The photo-
catalytic activity of LCCN increased 14-fold in the presence of
the LHSs structure compared to CN. Moreover, in view of the
importance of predicting the degradation pathways, the author
obtained the Fukui index f° by using the Fukui function, which
could basically represent the active site of the reactants. In gen-
eral, the higher site the f° presented, the more vulnerable to
free radical attack (Figure 17E). Thus, in this system, the mainly
attacked atoms included C10, C15, C21, C22, 025, 032, 039
and N41(Figure 17F). Combining with LC-MS/TOF, it was deter-
mined that the degradation process mainly includes four steps:
hydroxylation, ring formation, demethylation and ring opening.
The toxicity analysis showed that the toxicity of the intermedi-
ates had been greatly decreased. The above results indicate that

Small 2023, 2205902

2205902 (25 of 36)

www.small-journal.com

this system presented a novel perspective and promising pros-
pect for metal-free photocatalyst with LHSs.

Finally, a series of studies on photocatalytic degradations
of pollutants are summarized in Table 4, including synthesis
methods, pollutants, experimental conditions, degradation effi-
ciency, stability, and reusability. Noticeably, the photocatalytic
degradation of pollutants requires more active substances with
greater oxidation capacity. Z-scheme photocatalysts tend to pro-
duce more active substances and higher oxidation capacity. In
some systems, the combination of photocatalysis and Fenton
reaction or SR-AOPs also promotes more active substances
with stronger oxidation capacity for an efficient and quicker
degradation process.’®127161 DFT calculation can be used not
only to further analyze the reaction mechanism of photocata-
lyst, but also to predict and analyze the degradation paths and
products in the practical applications. In summary, the mecha-
nism is generally summarized as follows: under visible light,
QDs/g-C3N, photocatalysts produce e—h* pairs. Then, the
photogenerated electrons produce free radicals with strong
redox capacity by reducing O,, H,0, and even PDS/PMS when
the corresponding potential is satisfied. Both the free radicals
and the photogenerated holes successfully oxidize pollutants
into harmless products (CO, and H,0) (Equations (14)—(20)).

QDs/g—C;N, +hv— QDs/g—C;N, (e” +h") (14)
0,+e” —.0; (15)
H,0, +e” —-OH+OH" (16)
HSO; +e” —SO; +OH" 17)
S,07 +e —SO; +S0% (18)
SO; +OH™ —-OH +S0% (19)

-0; (-OH and/or SO;,’) and
h" + pollutant — degradation products

5.2. Photocatalytic Disinfection

Microbial contaminations bring various infectious waterborne
diseases to human health around the world, and cause millions
of deaths each year.'®18] Common pathogenic microorganisms
include Escherichia coli, Salmonella H9812, and Staphylococcus
aureus (S. aureus). In the past, traditional disinfection methods,
like adding oxidants (e.g., chlorine and its compounds), have
many disadvantages.*>'88 Thus, the safe and green antibacte-
rial method (photocatalysis) has attracted much attention of
scientists around the world.'® Considering the excellent pho-
tocatalytic ability, QDs/g-C3N, composites has been attempted
for photocatalytic disinfection with high performance.

Wang et al. fabricated vanadate QDs/g-C3N, composites and
proved their outstanding photocatalytic disinfection toward
0.75 mg mL™! Salmonella H9812 (96.4%).°% This study pointed
out that the abundant ROS (e.g., -O,") and e~ were generated
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Figure 17. The adsorption energies and charge density difference (CDD) of O, molecules and the O—0 bond length (I o)) of isolated O, molecules
at the different positions (CN (A), CQDs (B) and LHS (C)) of LCCN. The blue and green areas represent depletion and accumulation of electrons;
D) schematic illustration for the possible mechanism of removing TC by LCCN in visible light; E) contour surfaces of Fukui function values of f° for
radical attack; F) the number of each atom of TC. Adapted with permission.['?%l Copyright 2021, Elsevier.

from vanadate QDs/g-C3N, in vitro, attributing to the effective
visible light absorption and e —h* pairs separation. Ultimately,
the bacterial cells membranes might be attacked by the ROS
and e, and then the cell metabolism might be disrupted by
bacterial contents. Such metal-containing QDs may be likely to
produce secondary pollutions such as metal leaching, resulting
in certain harm. For the sake of avoiding secondary pollution
and toxicity caused by metal materials, Tang et al. successfully
synthesized a metal-free photocatalyst CQDs/g-C3N, for the
inactivation of S. aureus.'® In this study, the cell membrane
was destroyed due to the high level of ROS and the leakage of
K* increased rapidly (Figure 18A,B). Moreover, the bacterial
loaded in mice was decreased and the injury of CQDs/g-C3N,
was recovered compared with the treatment group by g-C3N,.
The toxicity analysis in vivo/vitro revealed that the toxicity of
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CQDs/g-C3N, was negligible, which could open up the way to
use CQDs/g-C3N, for the application of disinfection.

Due to the high electronegativity of S atoms, doping S in
CQDs (S-CQDs) have better electron transfer effect, which can
greatly enhance their photocatalytic activity. Thus, Wang et al.
prepared low-toxic S-CQDs modified hollow porous tubular
g-C3N, photocatalyst (HTCN-C (x), where x represented the
S-CQDs volume) by an ultrasonic-assisted method and investi-
gated the photocatalysis disinfection activity of the composite.l*]
In the photocatalytic disinfection system, the rapid leakage
of K* was detected as well, indicating the destroyed structure
destruction of Escherichia coli. The results showed that HTCN-
C(2) exhibited the inactivation of 6.88 log 10 cfu mL™ of bac-
terial cells (about 99.99% destruction rate). S-CQDs not only
acted an electronic medium to reduce the recombination of
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Table 4. Summary of the QDs/g-C3N4 composites for degradation pollutant.
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Composites Synthetic Pollutant Conditions Catalytic Stability and reusability Refs.
method efficiency [min]
Catalysts Pollutant
CdS QDs/g-C3N, In situ Rhodamine B 100 mg 100 mL 88.2% (90 min) Little decrease of the photocatalytic [66]
deposition (10 mg mL™) activity after four cycle evaluations;
method the same XRD patterns as that of the
fresh photocatalyst after 4th cycling
experiment
Bi;TaO; QDs/g-C3Ny NSs Ultrasonic Ciprofloxacin, 50 mg 100 mL 91% (120 min) The stable XRD patterns and FTIR [80]
assisted method Cephalexin (10 mg mL™) 77% (240 min) spectrums after several runs of photo-
catalytic tests
Bi,O; QDs/g-C3N, Wet Tetracycline 50 mg 100 mL 83.1% The maintaining removal rate under vis- [46]
impregnation (10 mg mL™) (120 min) ible light irradiation and the same phase
and manual and structure of catalysts the after six
grinding method times running
ZnSe QDs-Ag/g-C3N, Self-assembly Ceftriaxone 100 mg 100 mL 89.24% The similar XRD patterns and FTIR [177]
method sodium (10 mg mL™) (90 min) spectrums before and after ceftriaxone
sodium degradation
CQDs/g-C3N, Thermal Diclofenac 10 mg 50 mL 100% (60 min) The removal efficiency of DCF main- [178]
polymerization (10 mg mL™) taining over 90% even in the fifth cycle
method
FeOOH QDs/g-C3N, Chemical Methylene 80 mg 20 mL 100% (60 min) The above 100% removal efficiency of [127]
deposition orange (50 mg mL™) MO in five cycles within 80 min; no
method detectable soluble iron ion concentra-
tions in solution
Fe;0, QDs/Co-CN Calcination Tetracycline 50 mg 100 mL 80.5% (90 min) The hardly reduced photocatalytic [182]
deposition (20 mg mL™) activity of catalysts after recycling for
technology four runs
FeOOH QDs/UPCN In situ deposi- Oxytetracycline 20 mg 50 mL 86.23% A nearly constant degradability of the [161]
tion method (20 mg mL™) (120 min) OTC and the consistent XRD spectra
and FT-IR spectra of catalysts after
running 4 cycles of photo-Fenton degra-
dation OTC
Co30, QDs/CNNS+PMS Chemical Tetracycline 10 mg 50 mL 99% (60 min) No obvious decrease in the catalytic [
reaction and (50 mg mL™) efficiency of catalysts in TC degradation
annealing and the similar TEM after five recycles
CQDs/PCN+PMS Thermal polym- Bisphenol A 50 mg 150 mL 95% (30 min) A slight deactivation but more than 129]
erization strategy (20 mg mL™) 90% removal rate in the fourth run; no
significant change in crystalline and
chemical structure
Lateral CQDs/CN (LCCN) Thermal polym- Tetracycline 30 mg 50 mL 100% (60 min) - [149]
erization strategy (20 mg mL™)

photocarriers, but also played a role of photosensitizer, which
broadened the visible absorption range and transmitted energy
to HTCN. Noteworthily, the structure of HTCN also endowed
the composites with larger pore volume and higher specific
surface area, shortening the mass transfer path and increasing
the active sites (Figure 18C,D). Finally, the possible reaction
mechanism was raised (Figure 18E). The electrons accumulated
on the CB of HTCN-C effectively reduced O, to -O,”, which
react with H* to form H,0, for the -OH. The photogenerated
h* retained on the VB of HTCN-C. All these (-O,”, -OH and
h*) might attend the photocatalytic disinfection of Escherichia
coli. The removal rate of degrading TC reached 82.67% by this
composite, showing a surprising variety of reactions produced
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by HTCN-C. DFT calculation has been applied to the research of
QDs/g-C3N, photocatalytic CO, reduction, pollutant degradation
and other fields, and some achievements have been made in the
reaction mechanism. However, it has not been used in disinfec-
tion research at present. In the future, it is hoped that the com-
bination of DFT calculation can be used to gain enough insight
to provide more effective assistance for practical application.

5.3. Cr® Reduction
Hexavalent chromium (Cr®"), as one of the main heavy metals,

has been a research hotspot in environmental fields.'®! In
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Figure 18. A) Intracellular ROS level (relative to initial fluorescence level at 0 min) of S. aureus treated by g-C3N, or CQDs/g-C3N,; B) leakage of intra-
cellular K* of S. aureus. Adapted with permission.[®® Copyright 2019, WILEY-VCH. C) N, adsorption-desorption isotherms of the prepared materials
bulk g-C3N, and HTCN; D) the pore size distributions were determined from the desorption branch of the isotherm; E) possible photocatalytic
mechanism scheme of HTCN-C(2) composite for TC degradation and photocatalytic inactivation toward Escherichia coli under visible light irradiation.

Adapted with permission.””l Copyright 2020, Elsevier.

common, Cr® accumulates in soil and organisms, which
can adversely influence the ecosystem and cause harm to
humans.® The stronger reducibility of photogenerated elec-
trons can sufficiently reduce Cr® to Cr3*, thus a number of
photocatalysts have been utilized for Cr®* removal in waste-
water. Of course, the outstanding photocatalytic QDs/g-C3N,
composites also play a role of reducing Cr®*.[2+88]

Considering the excellent electrical and optical properties
of black phosphorus (BP), Wang et al. introduced a promising
metal-free BP QDs/tubular g-C3N, (BPTCN) photocatalyst
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and researched the Cr® reduction in wastewater with dif-
ferent pH.?* They found that the optimal pH value for photo-
catalytic reduction activity of composite was 4.65 (Figure 19B).
The reason for this was that under acidic conditions Cr®" pre-
sented mainly in the form of Cr,0,” or HCrO,4~, which could
be charge from Cr®" to Cr®* by abundant H* (Equation (21));
While under neutral or alkaline conditions, Cr®" presented
in the form of CrO,2 and could be transferred to Cr (OH)s,
which tended to cover the active sites of BPTCN, decreasing
the photocatalytic activity (Equation (22)). Additionally,
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Figure 19. A) TEM images of BPTCN; B) effect of different pH values on Cr®* reduction; C) possible photocatalytic mechanism scheme of the carrier
separation process on the interface of BPTCN under visible light irradiation. Adapted with permission.? Copyright 2020, Elsevier.

the light absorption ability of BPTCN was improved to a
great extent. Meanwhile, the unique 0D/1D heterojunction
(P-C bond) was obtained by a tight interaction between the
uniformly distributed BP QDs and tubular g-C;N, (TCN)
(Figure 19A), which promoted electrons transfer for a highly
photocatalytic performance. Ultimately, the mechanism of
photocatalytic reduction of Cr® by BPTCN was shown in
Figure 19C. First, BPTCN generated e —h* pairs under visible
light. Then, the photogenerated electrons transferred from
TCN to BP QDs (e7) as well as reduced Cr®" to Cr** because
of the more negative CB level of the photocatalyst than the
redox potential of Cr®*/Cr3* (0.57 V). In addition, above of HY,
-0, and -OH were produced to attack TC and the composite
achieved efficient degradation effect. In this system, the com-
posite could not only reduce Cr®* but also degrade pollutants,
demonstrating different reaction types with a certain applica-
tion prospect.

Cr,07 +14H" +6e” — 2Cr’* +7H,0 (21)

CrO} +4H,0+3e” — Cr(OH), +50H" (22)
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5.4. NO Oxidation

Air pollution has been of great attention around the world.
As one of the major air pollution, nitric oxide (NO) usually
comes from vehicle exhaust and fuel combustion.*3>1%4 Gen-
erally, NO has the potential to react with O, to provide the
toxic NO,/N,0,, leading to secondary pollution.'®"! Besides,
NO is a major source of photochemical smog and acid rain,
which severely affects the ecological environment. Recently,
g-C3N, coupled with QDs has been applied to remove NO.
Zou et al. successfully prepared SnO, QDs/g-C3N, composites
to remove NO."I The formation of heterojunction between
SnO, QDs and g-C3;Ny effectively prompted the separation of
photogenerated e —h* pairs, which led to the production of
-0, for the conversion of NO to NO;™ as well as the inhibi-
tion of NO, (Figure 20A). Not only that, the photogenerated
holes could directly transform NO to N,0 (1.03 eV), HNO,
(0.99 eV) and HNO; (0.94 eV). Among all samples, the 10%
Sn0,/g-C3N, represented the best removal property (32%),
which was 1.7-fold than that of g-C;N,. Although this photo-
catalyst played a certain role in NO oxidation, the oxidation
efficiency was still not enough.
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Figure 20. A) The illustration of photocatalysis mechanism on SnO,/g-C3N, for NO removal. Adapted with permission."”l Copyright 2019, Elsevier.
B) The NO reaction mechanism catalyzed by 1.0-C3N,/TiO, foam; C) the SEM image of the 1.0-C3N,/TiO, foam; D) the nitrogen adsorption and des-
orption isotherm of the TiO, foam and the 1.0-C3N,/TiO, foam; E) the general mechanism of NO oxidation by QDs/g-C3N, composites. Adapted with

permission.”l Copyright 2021, Royal Society of Chemistry.

In the process of NO oxidation, the strong oxidizing -OH
may deeply oxidize NO and further restrain the formation of
more toxic byproduct NO, to a great extent. Apart from that,
it is also important to optimize the adsorption capacity of NO.
In order to improve the removal of NO, Xiong et al. suggested
a combination of g-C3N, QDs with TiO, QDs using a pyrolysis
process to construct a functional heterojunction foams filters,
which displayed a higher photocatalytic activity for NO oxidation
(65%).71 The author pointed out that a large amount of NO was
absorbed and a high light utilization efficiency was achieved on
account of the large specific surface area and continuous pores
in unique foams (Figure 20C,D). Moreover, all the samples pos-
sessed very low NO, concentration (<5 ppb) profiles during the
photocatalytic NO oxidation process, successfully avoiding the
harm of byproduct. According to bandgap schematic, the reac-
tion mechanism was further determined (Figure 20B). Under
the light irradiation, both g-CsN, QDs and TiO, QDs gener-
ated photogenerated e™—h* pairs. The photogenerated elec-
trons transferred to the CB of TiO, QDs with higher reduction
potential than O,/-O,™ (-0.16 eV), leading to the impossibility
of -0, production. The photogenerated holes were transferred
to g-C3N, QDs, which reacted with NO to NO* or even directly
oxidized OH™ to -OH (Equations (23)—(24)). The intermediate
products (NO*) would further be oxidized to NO;7/NO,~ by h*
and -OH (Equations (25)—(27)), which exhibited a new oxida-
tion pathway (NO — NO* — NO,~ or NO;7).

H,0+h* —-OH+H* (23)

NO+h* - NO* (24)

Small 2023, 2205902 2205902

NO* +h* +H,0— NO; +2H* (25)
NO* +2-OH — NO;j +2H" (26)
NO* +-OH +2e~ — NO; + H,0 (27)

In summary, the design of photocatalytic materials with
stronger redox capacity is the critical key to avoid more toxic
byproducts in the further. The mechanism of NO reduction by
QDs/g-C;3N, photocatalysts generally summarized as shown in
Figure 20E. QDs/g-C3N, produce photogenerated e —h* pairs
under visible light irradiation. The photogenerated electrons
transferred to the CB of photocatalysts with negative potential
than O,/- 0O, (-0.16 V), which produce - O, radicals. Moreover,
the photogenerated holes transferred to the VB of photocata-
lysts with positive potential than OH™/-OH (+2.4 V), which
can oxidize OH™ to -OH. Ultimately, NO is mainly oxidized to
NO;7/NO,™ by h* and ROS (including -O,~, -OH), or followed
by other byproducts.

6. The Stability and Reusability of QDs/g-C3N,
Composites

The stability of photocatalyst is a key factor in determining
their practical applications.'”! For composites, the original
structure may be destroyed due to the weak interactions
between components.*¢1% Additionally, some photocatalysts
may suffer from photocorrosion.l*>#” Therefore, according to
the relevant literature, the stability of QDs/g-C;N, composites
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had been analyzed in most cases. As shown in Tables 2—4,
X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS)
and Fourier transform infrared (FT-IR) techniques have been
widely used to reflect the chemical stability of QDs/g-C3N,
composites. All the tested QDs/g-C;N, composites exhibited
no remarkable changes in crystal structures and chemical
states before and after the reactions, which indicated their
relative stability.#9.65:90.15L 152155159 Seanning electron micros-
copy (SEM), TEM, and HRTEM showed that the morphology
of the tested composites before and after the reaction was well
maintained.#>#8697894129] T some studies, the inductively cou-
pled plasma (ICP) technique has also been used to detect the
metal leaching during the reactions.*127182197.19%] The results
displayed that these composites maintained a low leaching of
metal species in solution. In particular, the release of metal was
not even detected at all, indicating that QDs/g-C3N, compos-
ites possessed good resistance to photocorrosion. Notably, the
PbS@CdS@ZnS core@shell@shell QDs/g-C3N, (PSZ QDs/g-
C3N,) composites designed by Zhang et al. had near-infrared
light absorption performance.) No metal release was detected
in the PSZ QDs/g-C3N, composite solution, while the concen-
tration of Pb and Cd in the PbS@CdS QDs solution increased
with the increasing illumination time. The results were attrib-
uted to the metal leaching resistance of ZnS shell as well as
the close contact between PSZ QDs and g-C3;N,. As a result,
QDs/g-C3N, composites could be proved a long stability in the
process of photocatalytic reaction.

The reusability of the photocatalysts is another factor that
determines their practical applications. As shown in Tables 24,
the photocatalytic performance of QDs/g-C3N, composites
remained close to that of the original materials after cycle
experiments.[#>:538514154156.178] Therefore, QDs/g-C3N, compos-
ites can be reused in photocatalytic reactions, reducing the cost
of the entire process. However, it should be of concern that the
reuse of materials usually needs centrifugations or filtrations.
In this case, the loss of QDs/g-C3N, composites with the form
of powders was inevitable, reducing the photocatalytic perfor-
mance.®192] Designing magnetic composites may be a way to
solve the problem. Zhu et al. reported the Fe;0, QDs/Co-CN
composites with high reusability and easy separation from
the reaction solution due to their satisfactory magnetic satura-
tion value.'8? In addition, the active sites of the photocatalysts
might be covered by reactants or products, which would reduce
the photocatalytic activity as well.P*7172] For example, Zou
et al. found that the photocatalytic activity of SnO, QDs/g-C3N,
was restored after being washed.['"]

7. Conclusions and Prospects

The QDs/g-C3N, composites not only successfully overcome
the limitations of each component, but also combine the advan-
tages of each component, leading to synergistic effects. In this
system, the introduced QDs provide more active sites, superior
light absorption performance, and tighter interfacial contacts
to accelerate the separation as well as decrease the recombi-
nation of photocarriers. As a carrier, g-C3N, maintains the
small particle size of QDs by preventing them from aggrega-
tion. Furthermore, in addition to the common applications of

Small 2023, 2205902

2205902 (31 of 36)

www.small-journal.com

QDs/g-C3Ny (e.g., H, production, pollutant degradation), more
comprehensive applications of QDs/g-C3N, composites are
introduced, including H,0, generation, NO oxidation. Particu-
larly, QDs/g-C;N, photocatalysts are combined with DFT calcu-
lation and experiments to further elucidate the photocatalytic
mechanism (adsorption energy, charge transfer, I(O-0O) length,
etc.) and degradation path (Fukui parameter f°, etc.). The anal-
ysis of the stability and reusability of the QDs/g-C3N, compos-
ites also reflects the practical application possibility brought by
the tighter interface contact. Although existing studies have
shown that QDs/g-C3N, composites have made considerable
progress, the practical applications are still limited. To make
the composites widely used in actual production, the following
issues need to be considered in the future.

1. The introduced synthesis methods have certain correspond-
ing advantages and disadvantages. However, their synthesis
conditions need to be strictly controlled in order to ensure a
high photocatalytic activity, so they are unsuitable for large-
scale production in practical applications. To find a mild,
efficient and low-cost synthesis method, the synthesis of
large-scale QDs/g-C;3N, should be explored constantly in the
future.

2. The synthesis conditions affect the structures and proper-
ties of QDs/g-C3N, composites, which further control the
photocatalytic performance.[*-667880 However, the effects of
these synthesis conditions on the structure and properties
of composites have not been adequately analyzed or investi-
gated. Therefore, we look forward to uncover the relationship
between the synthesis conditions, the structure and proper-
ties of the photocatalyst, and even the properties by advanced
techniques and theoretical calculations, so as to design pho-
tocatalysts for practical applications./"1%%

3. In the energy fields, almost all QDs/g-C3N, composites in
the producing H,/H,0, inevitably need to add hole sacrifice
agents to obtain higher photocatalytic efficiency. This not
only increases the cost, but also wastes the oxidation capac-
ity of photogenerated holes, which is not conducive to the
practical applications of photocatalysts. Recently, studies
have reported that some photocatalysts have been designed to
achieve the simultaneous H, generation and organic conver-
sion, which may also provide a new perspective for QDs/g-
C;N, composites. 2]

4. In the field of environment, the application of QDs/g-C3N, is
relatively rare in removing heavy metals and Cr®" is the only
heavy metal studied in QDs/g-C3N, composites. Therefore,
it is necessary to extend the application of those composites.
Moreover, it is an exciting but challenging task to construct
multifunctional photocatalysts that can create simultaneous
redox reactions. So far, H, production, CO, reduction and
pollutants remediation have been completed in one system.
Therefore, QDs/g-C;3N, is expected to produce more types of
reactions in a system.

5. The coupling of QDs with g-C3N, can enhance the interface
contact as well as inhibit the photocorrosion as much as pos-
sible, but heavy metal leaching still needs to be considered.
The research and development of metal-free efficient QDs/g-
C3N, have brought a surprise to the practical application and
successfully avoided secondary pollution.'%%11-121l Moreover,

© 2023 Wiley-VCH GmbH
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researchers have designed shell QDs/g-C3N, composites to
solve this problem, but further exploration is needed.[*!

6. Much of the work is based on laboratory-scale experiments
with relatively simple pollutants. However, the influencing
factors are more complex in the actual environment, in-
cluding pH, temperature and other interfering substances,
which may affect the photocatalytic performance of com-
posites. Only a few studies of QDs/g-C3;N, composites have
considered these issues.®*%U In the future, QDs/g-C3N,
composite should be used in the real environment for cor-
relation experiments to improve the possibility of practical
application.

7. Although QDs/g-C3N, have good stability, they are mostly in
powder form for laboratory research, which pose a challenge
to large-scale processes involving the recovery efficiency. For
example, designing composites with high magnetic proper-
ties, which can be easily separated from the reaction solu-
tion.[82) Notably, some studies have been reported membrane
photocatalysts that not only maintain similar photocatalytic
efficiency as powder, but also retain activity and structural in-
tegrity after multiple cycle experiments.2%!l This also provides
an idea for the film formation of QDs/g-C3N, composites,
which can be considered in the future.

8. Although QDs/g-C3;N, photocatalysts have been used to
combine experiments with DFT calculation to further elu-
cidate the photocatalytic mechanism and degradation path,
the explored fields are relatively limited. Under the guidance
of DFT calculation, QDs/g-C;N, composites are expected to
bring better photocatalytic performance and wider applica-
tion ranges. Additionally, the guidance of DFT calculation is
not comprehensive enough. For example, reactants or prod-
ucts tend to cover the active sites, which can reduce photo-
catalytic performance.’"72] If the DFT calculation can be
applied to determine active sites in advance, it will certainly
open a new door for the future of composite materials.

9. QDs have brought excellent photocatalytic performances to
g-C3N, both as a cocatalyst and as a semiconductor. The co-
catalysts mainly speed up charge transfer and separation, and
have a wide range of application in the field of energy pro-
duction. Transition metal carbides, sulfides, and phosphates
have successfully replaced the traditional cocatalysts (noble
metals), and Dbetter cocatalysts are expected to be explored
in the future.*2436995-1 Furthermore, the exploration of S-
scheme heterojunction QDs/g-C3N, composites is still in the
initial stage, which is worthy of attention.
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