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Abstract

Photocatalysis is a green and energy-efficient strategy to mitigate energy demand and
control environmental pollution. Quantum dots (QDs) are a promising nanomaterial
with excellent stability, relatively low toxicity, and superior photoelectric properties,
which can significantly enhance the conversion efficiency of photocatalysts.
This review introduces representative methods for preparing QDs, including
hydrothermal, pyrolysis, ultrasonic, electrochemical stripping, and etching methods.
The applicable conditions, strengths, and limitations of each synthetic technique
are comprehensively discussed. In addition, the latest progress in QD-modifying
photocatalysts for pollutant removal and hydrogen peroxide production is reviewed.
Doping of QDs can optimize catalytic performance in multiple ways: broadening
the visible light response range, facilitating carrier separation, accelerating electron
migration, and tuning the band gap structure. Finally, we present the challenges
and prospects of QD-modifying photocatalysts in the context of preparation, water
environment remediation, and energy conversion. Overall, this review aims to provide
novel insights into QD-modifying photocatalysts in remediating water pollution and
alleviating energy crises.

Keywords: Quantum dots; Photocatalysis; Pollutant removal; Hydrogen peroxide
production

1. Introduction

Global energy demand has surged rapidly over the past few decades. The over-reliance
on fossil fuels has simultaneously triggered severe energy shortages and widespread
water pollution.! Meanwhile, the arbitrary discharge of wastewater from industries such
as printing and dyeing, textiles, and pharmaceuticals has caused serious pollution of the
water environment. Fortunately, photocatalytic technology can be applied to hydrogen
peroxide (H,O,) production and pollutant removal to alleviate water environmental
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pollution and the energy crisis.>* Upon light irradiation,
semiconductors absorb photon energy, enabling electrons
to jump from the valence band (VB) to the conduction band
(CB) and form electron-hole pairs. The photogenerated
holes on VB react with adsorbed water molecules (H,0)
to produce *OH, which can oxidize organic contaminants.*
Theelectrons on CB can reduce oxygen (O,) to form O, and
H,0,, and these electrons can also drive water splitting to
generate hydrogen gas.>* However, conventional titanium
oxide (TiO,) and graphitic carbon nitride (g-C,N,) face
the dilemma of a narrow light absorption range and low
photogenerated charge carrier separation efficiency.’

Quantum dots (QDs) are zero-dimensional
nanocrystals whose overall size is smaller than the exciton
Bohr radius in three dimensions.® Generally, their particle
size ranges from 2 nm to 10 nm, which limits the movement
of internal electrons.®!! Compared to traditional bulk
semiconductors, the bandgap of QDs can be precisely
adjusted by size to obtain a more suitable range of light
absorption, which is conducive to improving photocatalytic
conversion efficiency.’? Further, owing to the ultrasmall
size of QDs, the photogenerated charge is transferred from
the interior of the QDs to the catalyst surface over a short
distance, facilitating the rapid transport and separation of
photogenerated excitons."® Therefore, various types of QDs,
such as carbon (C) QDs (CQDs), graphene carbon (G)
QDs (GQDs), carbon nitride (CN) QDs (CNQDs), black
phosphorus (BP) QDs (BPQDs), MXene QDs (MQDs),
and metal compound (MC) QDs (MCQDs), are currently
thriving in fields of photocatalysis.”*!

Quantum dots are often used to modify semiconductors,
thereby improving the energy conversion -efficiency
of photocatalytic systems.'"* Raziq et al'* prepared
P-doped g-C,N, modified with cadmium selenide (CdSe)
QDs (4CdSe/P-CN). The structural coupling between
P-doping and CdSe QDs considerably expanded the
light response range of the original g-C\N, to 700 nm.
Furthermore, 4CdSe/P-CN exhibited enhanced electron-
hole separation efficiency. Moreover, photocatalysis is
widely considered a low-carbon, efficient method for
activating peroxymonosulfate (PMS)."*!¢ Photogenerated
electrons can trigger the activation of PMS, yielding SO,
that are capable of degrading organic compounds. Ming
et al."” fabricated CQD/g-C,)N, and verified its excellent
performance toward PMS activation for BPA elimination.
The TOC removal rate for BPA reached 77% within 30
min, which is much higher than the 23% achieved in the
undoped process. This is because doping CQDs increased
the specific surface area, light absorption, and charge
separation of C,N,, properties favorable for PMS activation.

Quantum dots are playing an increasingly crucial role

in the environment and energy sectors as nanotechnology
advances. Therefore, it is necessary to comprehensively
review the latest advances of QDs to guide future work.
Several reviews of QDs have been conducted.!®?* However,
most of the reported reviews focused on only a single
type of QDs or a single application of QD-modifying
photocatalysts. Some researchers reviewed the coupling
of CQDs/GQDs with traditional photocatalysts to remove
pollutants from water."®*° In this review, we analyze the
key synthesis methods for QDs and their advantages
and disadvantages. Moreover, the latest advances in the
application of QD-modifying photocatalysts for pollutant
removal and H,O, production are discussed in detail.
Finally, we present the prospects for current challenges in
the preparation and application of the water environment
and energy. The summary of QD photocatalysts in this
paper may not be exhaustive. However, this review provides
insights into future research.

2. Preparation methods of quantum dots

Synthesis methods for QDs are crucial to their performance.
The particle size, shape, and internal structure of QDs
can be well tailored by optimizing preparation protocols
and experimental conditions, thereby achieving targeted
material performance.® In recent years, with advances
in technology, diverse approaches have been developed
to fabricate various QD types, including CQDs, GQDs,
CNQDs, BPQDs, MQDs, and MCQDs. The synthesis
strategies of QDs can be categorized into top-down and
bottom-up methods. In this section, we discuss several
mainstream QD fabrication methods and summarize their
strengths and weaknesses in Table 1.

2.1. Top-down methods

The top-down method involves obtaining QDs by cleaving
large, two- or three-dimensional precursors to nanoscale
sizes via chemical or physical processes, including chemical
etching, laser etching, electrochemical exfoliation, and
ultrasonic methods. This type of method possesses the
strengths of high efficiency and large-scale production.
However, the top-down process may require expensive
instrumentation and harsh experimental conditions.
Moreover, achieving precise control over the size and
morphology of QDs using this method proves challenging.

2.1.1. Chemical etching method

The chemical etching method involves oxidizing the
source materials (graphite, carbon fibers, and MXenes)
to obtain QDs. Peng et al.** prepared GQDs with different
particle sizes (1-4 nm) by chemically treating carbon fibers
with sulfuric acid/nitric acid to strip the stacked graphite
from the fibers. Moreover, GQDs with different sizes and
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fluorescent colors can be obtained by adjusting the reaction
temperature. Li et al.” prepared MQDs by etching titanium
carbide (Ti,C,) powder (Figure 1A). They dispersed 2 g of
Ti,C, powder in the hydrofluoric acid solution and stirred
the mixture for 64 h. Dimethyl sulfoxide (10 mL) was
added to the mixture, which was centrifuged at 3,600 rpm
for 10 min. Subsequently, 3 mL of polyethyleneimine was
added to the suspension, and the mixture was heated at
120 °C under a nitrogen gas (N,) atmosphere. Ti,C, QDs
were synthesized via dialysis for seven days. Transmission
electron microscopy (TEM) characterization revealed the
microstructure and composition of the g-C.N,@Ti,C, QD
composites (Figure 1B and 1C). The lattice spacing of 0.26
nm corresponded to the (0110) plane of Ti,C, QDs (Figure
1D). Elemental mapping (Figure 1E) further confirmed the
uniform distribution of the C, nitrogen (N), and titanium
(Ti) elements in the g-C.N,@Ti,C, QD composites. The
Ti,C, QDs on the g-C N, surface act as an electron acceptor
to promote the separation of photoexcited carriers.

As one of the earliest methods for synthesizing QDs,

chemical etching offers the advantages of large-scale
production and high selectivity. However, there are
substantial drawbacks as well. The production process is
time-consuming and requires complex post-processing
steps, including centrifugation, neutralization, and dialysis.
The use of acidic reagents may cause environmental
pollution.

2.1.2. Ultrasonic method

Different from chemical etching methods, the ultrasonic
method uses ultrasound-induced shock waves and
cavitation to break the material into QDs.?® Luo et al.”
obtained GQDs using a dialysis bag after ultrasonic
treatment of graphite in mixed acid. The GQDs prepared
using this method had good crystallization with an
average size of 2.5 nm. Chen et al.?® first transferred 50
mg of BP powder into 100 mL of N-methylpyrrolidone
as an intercalating agent (Figure 1F). Then, an ultrasonic
instrument was used to sonicate the mixture at 600 W for
8 h to obtain a BP dispersion. N, was introduced into the

Figure 1. Schematic diagram of different QD synthesis methods. (A) The synthesis route of g-C,N,@Ti,C,. (B, C) TEM. Scale bars: 200 nm, 100 nm, 10
nm. (D) High-resolution TEM. Scale bar: 100 nm. (E) Energy-dispersive X-ray spectroscopy of g-CN,@Ti,C, QDs. Reprinted with permission from Li
et al.* Copyright © 2019 American Chemical Society. (F) The synthesis route of BPQDs/BWO. Reprinted with permission from Chen et al.?® Copyright
© 2023 Elsevier.

Abbreviations: BP: Black phosphorus; BWO: Bismuth tungstate; DMSO: Dimethyl sulfoxide; g-C,N,: Graphitic carbon nitride; HF: Hydrofluoric acid; PEL
Polyethylenimine; PVP: Polyvinylpyrrolidone; QD: Quantum dot; TEM: Transmission electron microscopy; Ti,C,: Titanium carbide.
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stripping process, and the temperature was maintained at
2 °C. The stripped BP suspension was centrifuged at 7,000
rpm for 20 min, and the supernatant containing BPQDs
was collected. The ultrasonic method has the advantages
of a short cycle, easy availability of raw materials, and low
experimental cost.*

2.1.3. Electrochemical stripping method

Electrochemical stripping is another common method
for synthesizing CQDs, with graphite rods usually used as
anodes.” Under the application of anode voltage, H,O is
oxidized to generate *OH, which oxidatively decomposes
the graphite rod.*® Subsequently, the anion in the electrolyte
further enters the graphite anode and acts as an intercalant,
causing the graphite anode to expand. The expanded
graphite is further oxidized and cleaved into very small
graphene fragments. Finally, the graphene fragments are
reduced and purified to obtain CQDs with high stability.
Zhang et al.” inserted two graphite rods into an electrolyte
solution in a beaker. One rod was designated the cathode,
and the other, the anode. The mixture was stirred
continuously for 120 h under a 30 V direct current power
supply. The solution was dried at 80 °C to obtain black
powder carbon dots. Afterward, ammonia was mixed with
the powdered carbon dots and heated in a reactor at 150
°C for 7 h. Finally, the resulting mixture was centrifuged
and dried to obtain CQD powder. This method can also
be used to prepare GQDs, and the reaction mechanism is
similar.*!

These top-down methods possess the strengths of
high efficiency and large-scale production. However, the
top-down process may require expensive instrumentation
and harsh experimental conditions. Moreover, achieving
precise control over the size and morphology of QDs using
this method proves challenging.

2.2, Bottom-up methods

Common bottom-up methods include the hydrothermal,
pyrolysis, and microwave-assisted methods. The
bottom-up method can quickly synthesize a large number
of homogeneous QDs. Furthermore, this strategy enables
fine regulation over the morphology and chemical
characteristics of QDs while attaining a higher utilization
rate of raw precursors.

2.2.1. Pyrolysis method

The pyrolysis method involves heating a carbon source
in an atmosphere of inert gas at atmospheric pressure to
obtain QDs. Dong et al** synthesized blue-fluorescent
GQDs by pyrolysis using citric acid as a carbon source.
The obtained GQDs had a width of approximately 15 nm
and a thickness of 0.5-2.0 nm. Ma et al.*» mixed 1.01 g of

melamine and 0.81 g of sodium citrate and ground them
into a fine powder. Subsequently, they heated the mixed
powder at 180 °C for 2 h. Finally, they washed these solids
three times with ultrapure water and ethanol and dialyzed
them with pure water for 24 h to obtain the CNQDs. The
pyrolysis method possesses the strengths of simplicity and
large-scale production. However, the size and morphology
of the obtained QDs may be difficult to control.

2.2.2. Hydrothermal method

The method involves using organic precursor solutions
as source material, sealing them in a hydrothermal
reactor, and synthesizing QDs through high-pressure
reactions. Currently, this method allows the use of
various raw materials, such as citric acid, protein, boric
acid, and lignin, as precursors for synthesizing CQDs.**
% For example, Li et al** synthesized boron nitride (BN)
QDs using the hydrothermal method (Figure 2A). They
mixed 0.100 g of boric acid and 0.034 g of melamine
and dissolved them in 10 mL of ultrapure water. After
stirring for 30 min, the suspension was transferred into a
hydrothermal reactor at 200 °C. The BNQDs were collected
by filtration using a 0.22 pm ultrafiltration membrane.
Scanning electron microscopy and TEM characterization
showed that BNQDs were spherical with a diameter
of approximately 3 nm (Figure 2B). Element mapping
showed that the photocatalyst was mainly composed of
the C, N, phosphorus (P), and boron (B) elements (Figure
2C). In addition, high-resolution TEM images showed that
BNQDs exhibited a distinct lattice spacing of 0.21 nm,
which was consistent with the (100) hexagonal pattern
of boron nitride (Figure 2D). Qu et al.*® synthesized N,
sulfur (S)-CQDs from L-cysteine using the hydrothermal
method. They used nitric acid as a carbonizing agent and
ethylene glycol as a passivating agent (Figure 2E).

The hydrothermal method possesses the strengths of
simple operation and controllable conditions. Moreover,
the size, morphology, crystallinity, and properties of
the QDs can be accurately controlled by adjusting the
experimental conditions (e.g., reaction temperature, time,
solvent, and precursor).” However, the hydrothermal
method heats the reactants through thermal conduction
and convection, thus requiring high temperatures and long
reaction times. Furthermore, the high-pressure conditions
during the experiment may pose a risk to safe production.

2.2.3. Microwave heating method

Microwave heating is an important method for material
preparation. After absorbing microwaves, the dielectric
material can convert electromagnetic energy into internal
energy.®® Ding et al.* dissolved p-phenylenediamine in
ethylenediamine and placed the mixture in a microwave at
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Figure 2. Schematic diagram of QD preparation and characterization. (A) The synthesis route for the preparation of BQPN. (B) TEM image of BNQDs.
Scale bar: 20 nm. (C, D) TEM image of BQPN. Scale bars: 200 nm, 50 nm. Reprinted with permission from Li et al.** Copyright © 2022 Elsevier. (E) The
synthesis route of CQD/BOI/CN. Reprinted with permission from Zhu et al.** Copyright © 2023 Elsevier.

Abbreviations: BNQD: Boron nitride quantum dot; BOI/CN: Bi,O,1./g-C.N

BQPN: Boron nitride quantum dots modified P-doped g-C,N, photocatalyst;

CQD: Carbon quantum dot; QD: Quantum dot; TEM: Transmission electron microscope.

500 W for 20 min to prepare CQDs. Tang et al.** prepared
GQDs from glucose via microwave-assisted hydrothermal
synthesis. The prepared GQDs exhibited good crystallinity,
with a size of 1.65 nm.

The raw materials used in the microwave method are
mostly small organic molecules and biomass, similar to
those used in the hydrothermal method. The microwave

heating method can shorten reaction time to a few minutes,
greatly reduce experimental costs, and avoid hazardous
conditions such as high temperature and high pressure.
Currently, this method is primarily used for the synthesis
of CQDs/GQDs, and its application to the preparation of
other QDs remains to be developed.

In summary, different QD preparation methods have
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Table 1. Comparison of reported representative preparation methods of QDs

Type of QDs Synthesis method Merits Demerits Ref.
Time-consuming, complex post-
GQDs; MQDs  Chemical oxidation Large-scale production and high selectivity processing, non-uniform size and 24,25
morphology, and use of hazardous
chemicals
GQDs; BPQDs  Ultrasound Easy a\'rallablhty of raw mat?rlals, easy L9w yield, instrumental wastage, and 26.28
operation, and safe production high energy cost
Easy operation, safe production,
CQDs; GQDs  Electrochemical oxidation uniform size and morphology, and good Low yield 29-31
reproducibility
GQDs; CNQDs  Pyrolysis Solvent-‘free, low-cost, and large-scale Non-uniform size and morphology 32,33
production
BNQDs; N, . . s High temperature, pressure, and time-
$-CQDs Hydrothermal Simple operation and good reproducibility consuming 34-36
CQDs; GQDs Microwave heating Short reaction time, uniform size and Limited application scope 38-40

morphology, and good reproducibility

Abbreviations: BN: Boron nitride; BP: Black phosphorus; C: Carbon; CN: Carbon nitride; G: Graphene carbon; M: Mxene; N,S: Nitrogen, sulfur-doped;

QDs: Quantum dot.

their own merits and application ranges. According to the
actual experimental conditions, the ideal synthesis method
should be selected based on the principles of simplicity,
economy, controllability, and large-scale production.

3. Water environment remediation

Currently, the emerging organic pollutants (e.g.,
antibiotics, endocrine disruptors, and personal care
products) pose a serious threat to water quality safety.*"*
Common treatment techniques, such as coagulation,
sedimentation, filtration, and biological sludge, cannot
effectively remove these organic pollutants because of their
low biodegradability and chemical stability.* In addition to
refractory organic pollutants, heavy metals, and microbial
pollution, these threats also pose a threat to water quality
security.*** Photocatalysis is considered an important
technology for remediation of water pollution, and the
development of novel photocatalysts has become a focus of
attention.** This section systematically introduces several
typical applications of QD-modifying photocatalysts in
water environmental remediation.

3.1. Photodegradation of organic pollutants

The efficiency of photocatalytic degradation of organic
pollutants in water is mainly influenced by the ability to
utilize light and the band structure of the photocatalyst.”*¢*
The introduction of QDs can improve the light absorption,
electron transfer, and electron-hole separation ability
of photocatalysts. The photogenerated electrons and

holes in the composite photocatalyst can react with
O, and OH" dissolved in water to form O,~, "OH, and
'0,, thus effectively decomposing organic pollutants
(Equations 1-5).” Moreover, some typical applications
of QD-modifying photocatalysts for removing pollutants
from water are summarized in Table 2.

ODs/ photocatalysts + hv —

ODs/ photocatalysts(h,;" +eq5 ) (1)
H,O+h" —> ‘OH+H" )
0,+e = 0," 3)
0, +h*>'0, @)
h*/*OH /0, /'O, +organics — )

small molecules - CO, + H,0

Seng et al.®® successfully synthesized nitrogen-doped
carbon (NC)QDs/g-C,N, composites by doping NCQDs
on the interlayer and surface of g-CN,. When the
content of NCQDs was 1.0 wt%, the degradation rate of
methylene blue by NCQDs/g-C,N, was 3.85 times higher
than that of the pristine g-C,N,. In this system, O,, *OH,
and photogenerated holes all played crucial roles in the
degradation of organic pollutants (Figure 3A).*° Gao et
al>" prepared composite photocatalysts g-C,N,/bismuth
oxybromide (BiOBr)/MQDs doped with MQDs. g-C N,/
BiOBr/MQDs degraded 99% of 20 mg L' tetracycline
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hydrochloride within 30 min, a rate that was 12 times
higher than that achieved by pristine g-C\N, (Figure 3B).
MQDs can induce more vacancies to convert into 'O,
which directly participates in the degradation of organic
pollutants. Chen et al.® prepared porous hollow spheres
of bismuth tungstate (Bi,WO,) doped with BPQDs. The
BPQDs could form an energy bandgap that closely matches
that of Bi, WO,, resulting in an S-type heterojunction for
effective photogenerated charge separation (Figure 3C).

Heavy metal ions in industrial wastewater usually
coexist with organic pollutants. The oxidative degradation
of organic pollutants and the reductive removal of heavy
metals can be synchronized via photocatalysis. Zhu et
al** prepared CQDs/Bi O,1,/g-C,N, composite catalysts
for the synchronous photocatalytic removal of chromium
(Cr(VID)) and levofloxacin. The 0.5-CQD/Bi,O,l,/g-C,N,
composite achieved a 100% reduction of Cr(VI) and 94.8%
degradation of levofloxacin within 60 min. The reaction
rate was 4.8 and 2.2 times higher than that of Bi O,L,/g-
CN, respectively. Holes, o, and *OH played a crucial
role in the degradation of levofloxacin, and photogenerated
electrons were the only dominant factor in Cr(VI) reduction
(Figure 3D). Similarly, the synthesized bismuth(III) oxide
(Bi,0,) QDs/C,N, nanosheet photocatalysts could also

simultaneously degrade TC and remove Cr(VI).** The
removal rates of TC and Cr(VI) by Bi,O, QDs/g-C,N,
were 2.0 and 7.1 times higher than those of pure g-C,N,
nanosheets, respectively.

3.2. Photocatalytic activation of peroxymonosulfate

The PMS (HSO,") is widely used in the degradation and
mineralization of refractory organic pollutants. PMS can
be activated to produce SO, with strong redox potential
and a wide pH range.” Photocatalytic activation has been
recognized as a low-carbon PMS activation method with
strong application prospects due to its high efficiency and
environmental friendliness.'® Doping electron-rich QDs
canimprove the conductivity and electron transfer behavior
of photocatalysts, which is beneficial for activating PMS to
produce ROS (Equations 6-10).">"7

e +HSO,” — SO, +OH~ (6)
h* +HSOy — SO, +H” (7)
250, — 280, +0, (8)
SO, +H,0 - SO, +"OH + H* 9)

Figure 3. Schematic diagram of the QDs’ catalytic reaction mechanism. (A) The mechanism for the degradation of methylene blue. Reprinted with
permission from Seng et al.*® Copyright © 2020 Elsevier. (B) Photocatalytic mechanism of gC3N4/bismuth oxybromide/MXene for the degradation of
tetracycline hydrochloride. Reprinted with permission from Gao et al.”' Copyright © 2023 Elsevier. (C) Photocatalytic mechanism of BPQDs/BWO for the
degradation of amoxicillin. Reprinted with permission from Chen et al.?® Copyright © 2023 Elsevier. (D) The mechanism for the reduction of chromium
(VI) and degradation of levofloxacin. Reprinted with permission from Zhu et al.** Copyright © 2023 Elsevier.
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450, +2H,0 — 4HSO, +'0, (10)

Ming et al.'” synthesized CQD-doped functionalized
CN to activate PMS for the degradation of BPA. Doping
CQDs enhanced the catalyst’s light absorption and charge
separation, thereby facilitating PMS activation. Yang et
al.® found that doping CDs into photocatalysts might
play a dual role (Figure 4A). CDs enriched with carboxyl
or pyrrole N tended to attract photogenerated electrons
from CN, thus facilitating the separation of photocarriers.
On the contrary, CDs rich in electron-donating graphitic
N tended to form electron-rich regions at the CN main
interface, thereby hindering the separation of charge
carriers. Deng et al.'s studied the enhancement effect of
bismuth (Bi)/silver (Ag) double QD-doped photocatalyst
(Bi-Ag@Bi,MoO,) on PMS activation (Figure 4B). The
kinetic constants for the degradation of ciprofloxacin (CIP)
by the Bi-Ag@Bi,MoO,/PMS system were 10 and 12 times
higher than those for the Bi@Bi,MoO /PMS and Bi,MoO/
PMS systems, respectively. CIP underwent a ring-opening
reaction under the oxidation of SO, "OH, *O,7, and 'O,.

It was eventually degraded into carbon dioxide and water.
This was because the formation of Bi/Ag double QDs
remarkably improved the light-absorption performance of
Bi,MoO,. Moreover, the synergistic doping of double QDs
reduced the catalyst band gap from 2.72 to 2.12 eV.

Disinfection is crucial for ensuring water quality safety.
Photocatalytic-based PMS technology not only remediates
organic contamination but also inactivates pathogens in
the wastewater. Jiang et al.>® developed a PMS disinfection
technology based on 'O, under visible light, using copper
sulfide (CuS) QD-modified MIL-101 (Fe) (CSQDs@MF)
(Figure 4C). This system could inactivate 7.5 Escherichia
coli colonies within 60 min and could be applied across
a wide pH range. The 'O, quantum yield of the CSQDs@
MF system was increased by 80% compared with that of
the MIL-101 (Fe) system. The enhancement of electron
and energy transfer in this system was the reason for
the increase in the production rate of 'O,. The doping of
CuS QDs enhanced photocatalytic activity by increasing
visible light absorption, accelerating electron transfer, and
improving charge—carrier separation.

Figure 4. Schematic diagram of the mechanism of QDs activating PMS. (A) Photocatalytic mechanism of PMS activation by '"N-CDs/CN and ca-CDs/
CN. Reprinted with permission from Yang et al."> Copyright © 2023 Elsevier. (B) The mechanism of PMS activation by Bi-Ag@Bi,MoO,. Reprinted with
permission from Deng et al.'® Copyright © 2023 Elsevier. (C) The mechanism of PMS activation by CSQDs@MEF for inactivating Escherichia coli. Reprinted

with permission from Jiang et al.** Copyright © 2023 Elsevier.

Abbreviations: CD: Carbon dot; CN: Carbon nitride; PMS: Peroxymonosulfate; QD: Quantum dot.
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The summary highlights that the most common types
of QDs used to modify photocatalysts are CQDs, BNQDs,
Ti,C,T QDs, BPQDs, and MCQDs. The doping of QDs
substantially enhances photocatalytic performance,
effectively activates PMS, and increases the kinetic rate
of pollutant removal by several times to a dozen times
(Table 2).**** The doping of QDs not only optimizes the
morphology and structure of photocatalysts but also
enhances their performance by increasing surface area,
improving charge-carrier separation efficiency, accelerating
electron transfer, and narrowing the band gap.***’

3.3. Production and application of hydrogen
peroxide

Hydrogen peroxide, a versatile and environmentally
friendly oxidant, is widely used for water purification
and disinfection.®® Moreover, the product of H O, after
use is only water, which does not produce by-products
with secondary pollution.”® The anthraquinone method is
currently the mainstream for the industrial production of
H,0,. However, it has some limitations, such as high cost,
complex process, and the production of toxic by-products.”
Recently, researchers have shown great interest in using
photocatalytic methods to produce H,O,. In the presence of
light, a photocatalyst can produce free electrons to promote
the reduction of O, to generate H,O, (Equations 3 and
11).*% However, the efficiency of traditional photocatalysts
such as TiO, and g-C,N, in producing H,O, is low, mainly
due to their poor charge separation efficiency and weak
light absorption.®' The doping of QDs can expand the light
absorption wavelength, promote electron-hole separation,
and accelerate electron transfer, thereby overcoming the
shortcomings of traditional photocatalysts. This section
introduces the photocatalytic production of H,O, and its
application in pollutant degradation. Some representative
reports are summarized in Table 3.

0,” +2H" +¢” > H,0, (11)

Zheng et al® synthesized SNGQD/TiO, for H,O,
production by modifying TiO, with S- and N-co-doped
graphene QDs (SNGQDs). SNGQDs were uniformly
dispersed on the surface of TiO,, thereby extending the
light absorption and enhancing electron migration. Under
light irradiation, the H,O, yield of SNGQD/TiO, (451
umol L™') was 3.2 times higher than that of pristine TiO,
and considerably higher than those of the GQD/TiO,
and nitrogen-doped-GQD/TiO, systems. The free energy
diagrams for each step of the oxygen reduction reaction
on SNGQDs are shown in Figure 5A. Two O, molecules
were first adsorbed on the SNGQDs. The adsorbed two O,
were rapidly converted to two ‘'OOH by coupling protons
and electrons. Then two ‘'OOH combined with two protons

and electrons to form two H,O, molecules. The free energy
decreased during each step of H,O, production in the
system, indicating that the process was thermodynamically
spontaneous. The increase in H,0, production in the
SNGQD/TiO, system was attributed to the enhanced
two-electron reduction of oxygen (Figure 5B). Ma et
al.** anchored CNQDs onto g-CN, nanosheets to form
a homogeneous structure (HJ-C,N,), greatly improving
performance without doping metal elements. Under
visible light, the H,O, yield of HJ-C\N, in water reached
115 umol L', which was 8.6 times higher than that of
g-C,N, nanosheets. The excellent photocatalytic efficiency
was attributed to the band alignment of the homogeneous
junction structure, which facilitated efficient electron-
hole separation, whereas CNQDs inhibited electron-hole
recombination. In addition, doping CNQDs broadened the
light-absorption wavelength range of g-C,N, nanosheets.

The photo-Fenton method can accelerate the
regeneration of Fe?* and the decomposition of H,0,
producing ROS that oxidize target organic pollutants. This
compensates for the shortcomings of the conventional
Fenton method (Equations 12-14).*% Shi et al®
synthesized a self-sufficient photo-Fenton system for the
degradation of oxytetracycline (OTC) by coupling ultrathin
porous g-C.N, nanosheets with amorphous iron(III)
oxyhydroxide (FeOOH) QDs (Figure 5C). The in situ-
generated H,O, from g-C N, together with FeOOH QDs,
formed the photo-Fenton system, which could enhance
the degradation of OTC. After the Fe** was reduced to Fe**
by the transferred photogenerated electrons, Fe** reacted
with H,0, to generate “OH to degrade OTC. Then, Fe’* was
recycled by obtaining electrons to be reduced to Fe** under
light (Equations 15-17) (Figure 5D).® Therefore, the
synergistic effect of FFOOH QDs and g-C,N, nanosheets
with in situ generated H,O, could effectively improve the
performance of photocatalytic degradation of OTC.

e +H,0,>2°0H (12)
‘OH+0,” —'0,+0H" (13)
h"+H,0—> OH+H" (14)
Fe’' +e - Fe** (15)
Fe’* +H,0, —» Fe’* + *OH +OH~ (16)
Fe** + H,O+hv—Fe* +'OH + H* (17)

The photocatalytic method provides an efficient and
environmentally friendly approach to H,O, production.
Moreover, the self-generated H,O, in the in situ
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Table 2. Summary of the reported representative QD-modifying photocatalysts for the removal of pollutants

. . Main
Composite Type of Role of QDs EXPefl_m ental Pollutants active Removal performance Ref.
photocatalyst  QDs condition .
species
Bi-Ag@Bi,M00,-400
Bi-A¢@ Bi/Ag Enhances visible light 300 W Xe lamp; 50 mL 10 0,780,  (100%), Bi,MoO,-400
Bi Mgo 0.-400 double  absorption and narrow- 60 min; PMS: mg L™ *OH, and (38.05%), Bi@Bi,M0O,-400 16
2 6 QD bandgap 0.075 mM ciprofloxacin '0, (52.58%), Ag@Bi,MoO-400
(73.83%)
et ey et
CQDs/ . . > (350 mW cm™); B 2 CQDs/PCNC-2 (95.0%),
PCNC-2 CQDs enhanc§ visible light 60 min: PMS: 20 mg L' BPA .SOA ,and PCN (24.0%) 17
absorption, and narrow OH
0.097 mM
band gap
300 W Xe lamp; 20 me L-!
2BPQDs/BWO BPQDs  Promote e/H" separation 60 min; solvent: amox%cillin H*and ‘OH 2BPQDs/BWO (94.5%) 28
water
blue LED lamp;
-+ : -2). -1 i-1).
1BQPN BNQDs Promote. e’/ H. sep‘aratlon 32.6 r.nW cm™); 10mgL O and H* 1BQPN (Q. 17176 min!); CN 34
and carrier migration 20 min; solvent:  naproxen 2 (0.0151 min™)
water
. . 20 mg L™
05w CQD/ (o0 :;‘;Ts;eai !fvi:;ﬁ:rl?t‘h"t“ ? IOSOV:;@S i;”,‘f;, Cr(VD) 20; O H,  05-CQD/BOICN (100%
BOI/CN . & . > 20mgL?! and "OH Cr(VI); 94.8% levofloxacin)
absorption 60 min .
levofloxacin
¢-C.N /BiOBr/ Ti,C,T,  Suppress electron retl}rn, 300 W Xe lamp; _ 92", H*, ¢-C.N /BiOBr/MQDs (99%);
3 4 QDs accelerate photo-carrier 30 min; solvent: 20mgL*TCH °OH, and 34 . 51
MQDs . g-C.N, (approximately 50%)
transport water o, 3
350 W Xe lamp; 10 me L1 0.7wt%Bi,0, QDs/g-C. N,
07wi%BiO, B0, L ceomtion | 1C120min Cg dine 1o O HL  (87.9% Cr(VI); 82.5% 5
QDs/g-C,N, QDs P Cr(VI): 60 min; m L’)‘, Cr (\,7[) and *OH tetracycline), g-CN, (12.4%
solvent: water 8 Cr(VI); 41.3% tetracycline)
Improve converted
1 wt% . 350 W Xe lamp; . o
NCQDs/g- NCQDs photolum{nescence prf)perty, 90 min: solvent: 4 mgL . 0. and H* NCQDs/g-C)N, (91.5%), 54
promote e /H* separation, indomethacin 2 g-C.N, (16.0%)
CN water 3
3 narrow bandgap
3 wt% CQDs/ increase surface area, 350 W Xe
Ag,CO,, CQDs,  decrease charge transfer Jamp: 150 min: 20 mg L™ O, H, N-CQDs/Ag,CO, (54.60%), 55
3N-CQDs/ NCQDs  resistance, promote e”/H* p; > phenol and "OH CQDs/Ag,CO, (20.66%)
. solvent: water 23
Ag,CO, separation
1%CQDs/Sb,WO, (83%),
Promote e”/H" separation, Sb,WO, (8%)
convert long wavelength Xe lamp; 30 1%CQDs/Sb,WO ;
1% CQD 10 mg L-! 2
Slf '\/?](C)) s/ CQDs light from 550-850 nm to min; solvent: r}?or(rilfmine B O,7and H*  The kinetic constant of 56
e short wavelength light from  water 1%CQDs/Sb,WO, is nearly
440-500 nm 7 times higher than that of
Sb,WO,
Promote e”/H" separation 300 W Xe lamp;
3 wt% CQDs/ . . . ’ 20mgL?! 0, HY, o . 0
Bi, WO, CQDs  and enhance visible light 40 min; solvent: tetracycline and ‘OH 3wt%CQDs/Bi,WO, (89.0%) 57

absorption

water

Abbreviations: Ag: Silver; Bi:

Bismuth; Bi,O_: Bismuth(III) oxide; Bi,WO: Bismuth tungstate; BiOBr: Bismuth oxybromide; BN: Boron nitride; BP: Black

phosphorus; BQPN: Boron nitride quantum dots modified P-doped g-C,N, photocatalyst; C: Carbon; CN: Carbon nitride; M: Mxene; NC: Nitrogen-
doped carbon; PCN: Polymer carbon nitride; PCNC: Carbon quantum dots functionalized polymer carbon nitride; PMS: Peroxymonosulfate; QD:

Quantum dot; TCH: Tetracycline hydrochloride; Xe: Xenon.
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Figure 5. Schematic diagram of QD’s catalytic production of H,O,. (A) Free energy of oxygen reduction reaction pathways. (B) Photocatalytic mechanism
of SNGQDs for H,0, production. Reprinted with permission from Zheng et al.' Copyright © 2018 Elsevier. (C) Photo-Fenton mechanism of the FeOOH/
UPCN composite system. Reprinted with permission from Shi et al.*® Copyright © 2022 Elsevier. (D) The mechanism for the degradation of oxytetracycline.

Reprinted with permission from Zhang et al.** Copyright © 2020 Elsevier.

Abbreviations: FeOOH: Iron(III) oxyhydroxide; QD: Quantum dot; SNGQDs: S- and N-co-doped graphene quantum dots; UPCN: Ultrathin porous

g—C3N4_

photo-Fenton system can eliminate the need for H,O,
transportation and addition processes. Furthermore, the
doping of QDs generally improves H,O, production and
organic pollutant degradation by promoting electron-hole
separation, enhancing visible light absorption, accelerating
electron transfer, heightening O, activation, and facilitating
the reduction of Fe** to Fe?* (Table 3).

4. Challenges and prospects

The following suggestions and future perspectives are
proposed to address the current challenges associated
with the preparation and application of QD-modified
photocatalysts:

(i) The selection of QD synthesis methods is closely
related to the type of QDs. At present, although the
synthesis of QDs has made great progress, some
types of QDs, such as BPQDs, MQDs, and BNQDs,
still require more complex processes and the use of
specialized reagents. In the future, lower-cost and
more environmentally friendly synthetic technologies
should be explored.

(ii) At present, the synthesis and application of QDs are
mostly limited to the laboratory, and there are few
application studies in the actual environment. The
development of large-scale continuous synthesis
processes for QDs deserves future attention.
Artificial intelligence (AI) is profoundly transforming
the research, development, and production paradigm
of QDs. Through data-driven strategies and algorithm
optimization, Al has greatly improved the research
and development efficiency, material performance,
and industrialization process of QDs. Al can
accelerate the synthesis and optimization of materials
and reduce research and development costs; it can
accurately predict and regulate material properties to
realize “on-demand design”.

The application of QD-modifying photocatalysts is
often limited to their oxidation or reduction effects.
We should vigorously develop the simultaneous use
of oxidation and reduction potentials of catalysts and
promote the use of photocatalysts and solar energy.
Photocatalysts require long-term use to reduce the
cost of actual environmental purification. The powder

(iii)

(iv)

)
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Table 3. Summary of the reported representative QD-modifying photocatalysts for the evolution of H,0,

Composite Type of Role of QDs Experimental condition Pollutants Mau.l active Performance Ref.
photocatalyst  QDs species
Promote e’/ 300 W Xe lamp (109 mW CNQDs/g-C)N,
CNQDs/g- CNQDs H" separation, cm?); 60 min'psolvent' 20 _ _ (115 umol L™ H,0,), 33
CN, enhances visible light ol w’ater ’ ’ g-CN, (14 ymol L™
absorption H,0,)
20%FeOOH/UPCN
Promote e/ (86.23% OTC), UPCN
H* separation, (30.00% OTGC; 23.91
P
enhance visible umol L' H,0,). H,0,
20% FeOOH FeOOH  light absorption, 300 W Xe lamp; 120 min; 20 mg L™ O,7,H",and is not detected in the 60
QDs/UPCN QDs and Fe*" in FFOOH solvent: 50 mL water OTC ‘OH FeOOH/UPCN system
QDs is reduced to because the generated
Fe?* by photoexcited H,0, is consumed by
electrons Fe* to form Fe** and
*OH.
Improve conversion
PIOPSTY PIOMOE 550 W Xe lamp; 60 mins SNGQDs/TiO, (451
SNGQDs/TiO, SNGQDs P i solvent: 47 mL water + 3 - - pumol L' H 0)), TiO 61
2 narrow band gap, L2 | 40 ! ]zjle 0 2
and accelerate two- L &-propano (140 pmo )
electron reduction
Accelerate electron
transfer, enhance
FeOOH ai:)‘:;‘:t‘:; f;fH?Z’ 300 W Xe lamp (\ = 420 FeOOH QDs/CQDs/
FeOOH QDs/ QDs I:e aration. Fe** nm); 60 min; solvent: 10 100 mL 10 0,7, H","OH, g-C)N,(85.5% OTC; 63
CQDs/g-C\N, C QD,s ione o OH’ QDs mL of isopropanol + 90 mgL'OTC and'O, 224.24 ymol g H,0,),
. mL water g-C,N, (46.2% OTC)
is reduced to Fe** 3
by photoexcited
electrons
Accelerates the
reduction of O, to 350 W Xe lamp (A > HIIS"I;ICSI%S 584'8
HTNT-CQDs CQDs H,0, and prevents 365 nm); 60 min; 15 mL - - K 2 27 64

the decomposition solvent: water

of H,0,

HTNT (H,0, is not
detected)

Abbreviations: C: Carbon; CN: Carbon nitride; FeOOH: Iron(III) oxyhydroxide; H,O,: Hydrogen peroxide; HTNT: Proton-form titania nanotube; NC:

Nitrogen-doped carbon; OTC: Oxytetracycline; QD: Quantum dot; UPCN: Ultrathin porous g-C,.N

QD-modifying photocatalysts are not favorable
for reuse in practical applications. Developing a
continuous-flow photocatalytic reactor can effectively
separate catalysts and pollutants, and promote the
utilization rate of photocatalysts.

The ongoing studies on water pollution remediation
focus on simulated wastewater in the laboratory.
The actual wastewater has a complex composition
and a wide range of pollutants. In the future, studies
on multiple pollutants in wastewater should be
increased, and actual water quality conditions (such
as pH, temperature, and contaminant concentrations)
should be considered. Critically, contaminants may
be converted to more toxic intermediates during
photocatalysis. Thus, the ecological safety of the

(vii)

,N,; Xe: Xenon.

treated wastewater should also be verified.
Thereported studies mainly focus on the enhancement
of photocatalyst performance with QDs, although
there is an insufficient study on the mechanism of the
QD-modifying photocatalysts application process.
In future studies, the latest theoretical calculations
and advanced characterization techniques should be
combined to elucidate the complex mechanisms of
photocatalytic reactions.

(viil) Quantum dots can induce various types of genetic

material damage, which subsequently triggers a series
of adverse cellular consequences, including apoptosis,
cell cycle arrest, and senescence. QDs can damage
DNA via their intrinsic nanostructures or released
metal ions. As is well known, the physicochemical
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properties of nanomaterials determine their toxicity.
Accordingly, QDs closer to practical application
should be the focus of future research, which can
provide greater guidance for their safe application.

5. Conclusion

Photocatalytic technology offers high efficiency and energy
savings, and thus plays an increasingly essential role in water
remediation and in alleviating the energy crisis. However,
traditional photocatalysts still face challenges, such as
narrow light absorption ranges and facile electron-hole
recombination. QDs are often doped into photocatalysts
to enhance their photocatalytic performance, as QDs
possess excellent photoelectric properties. This review
systematically summarizes the current synthesis methods
of QDs (CQDs, GQDs, MQDs, BPQDs, and MCQDs).
Moreover, the study progress of various QD-modifying
photocatalysts in pollutant removal and H,O, generation
is introduced in detail.
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