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Abstract

The environmental problems of global warming and fossil fuel depletion are increasingly severe, and the demand
for energy conversion and storage is increasing. Ecological issues such as global warming and fossil fuel depletion
are increasingly stringent, increasing energy conversion and storage needs. The rapid development of clean energy,
such as solar energy, wind energy and hydrogen energy, is expected to be the key to solve the energy problem.
Several excellent literature works have highlighted quantum dots in supercapacitors, lithium-sulfur batteries, and
photocatalytic hydrogen production. Here, we outline the latest achievements of quantum dots and their
composites materials in those energy storage applications. Moreover, we rationally analyze the shortcomings of
quantum dots in energy storage and conversion, and predict the future development trend, challenges, and
opportunities of quantum dots research.
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1 Introduction
Decarbonized clean energy such as solar energy, wind
energy and geothermal energy has become the solution
to global warming, energy crisis and environmental pol-
lution [1]. In the context of carbon neutrality, new en-
ergy will become the main source of electricity, and he
storage of large amounts of renewable energy will be a
major challenge [2]. However, these energy sources are
intermittent in nature, so they need to be stored and re-
leased at any time [3, 4]. Electrochemical energy storage
such as batteries [5, 6] and supercapacitors [7, 8] will be-
come the main idea to deal with this dilemma. In
addition, photocatalytic hydrogen evolution is based on
supporting electrochemical hydride formation and
photochemical bonding to form fuel, which is also a
"clean" method of energy storage [9, 10].
In recent years, quantum dots have attracted extensive

attention for their potential electrochemical energy

storage due to their large specific surface area, adjustable
size, short ion/electron transport path, non-toxicity, low
cost, adjustable photoluminescence, and easy surface func-
tionalization [11–13]. Global warming and the consump-
tion of fossil fuels have caused increasing environmental
problems. Quantum dots (QDs) are rapidly developing in
the field of energy storage and conversion. QDs are mainly
spherical or quasi-spherical 0 nm materials with sizes less
than 10 nm [14, 15]. Manufacturing methods are usually
classified as "top-down" [16–18] and "bottom-up" [19–21].
In general, the top-down method usually takes massive
materials as the precursor and obtains QDS through
chemical etching, [22–24] microwave irradiation, [25–27]
ultrasonic treatment, [28–30] electrochemical method, [3,
4, 31] hydrothermal/solvothermal method [32–34] and
other methods [35–37]. QDs can also be chemically
assembled from small organic and inorganic precursors by
a bottom-up synthesis strategy [38–40]. QDs have been
synthesized in various ways to be zero-dimension mate-
rials, which show unusual chemical and physical proper-
ties due to their strong quantum confinement and edge
effect, and obtain high bandgap, ultra-small size, and high
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surface-area-to-volume ratio [11, 41]. The size, structure,
functional groups, and heteroatomic parameters can also
be regulated during the synthesis of QDs. As such, their
active sites per unit mass, physicochemical tunability, and
adaptability to hybridization with other nanomaterials are
improved [42, 43].
The overall performance of an electrochemical energy

storage system is highly dependent on the electrode ma-
terials used [44–46]. The heteroatomic functional groups
are rich in the surface of QDs, providing a wide range of
active sites. They can be used as composite materials for
current collector [47, 48] and active electrode [49, 50],
showing superior ionic conductivity, [51] high rate, [52]
large capacity, [53] and cycle stability, [54] significantly
improving the performance of electrochemical energy
storage devices. Chakrabarty et al. reported a CeO2/
Ce2O3 quantum dot to enhance the electrocatalytic ac-
tivity of reduced graphene oxide (RGO) electrodes in
supercapacitors [55]. Carbonaceous materials are the
most promising candidates for the anode of sodium-ion
batteries [56]. Liu et al. constructed CQD modified
Na3V2(PO4)2F3 graded microspheres. The cathode of
sodium-ion battery with ultra-high capacity and satisfac-
tory rate performance [57]. Sun et al. used rGO riveted
bismuth oxychloride as a high-performance anode for
SIB by inducing the interface BI-C bond. Compared with
other metal halogen oxide anodes, the charging capacity
and cycling stability of SIB prepared by using it have
been greatly improved [58]. The synergy between the
crystal field and the stability energy of the coordin-
ation field of OH coordination Fe in ferric hexadecya-
nite can induce the embedded pseudo
capacitance [59]. The unique electron donor and ac-
ceptor properties and excellent electron transfer prop-
erties make QD a highly efficient and stable
photocatalyst for hydrogen evolution, oxygen reduc-
tion, and oxygen evolution reactions [60–63]. Photo-
catalysis integrates photocatalysis and electrocatalysis.
Photocatalytic hydrogen production is an important
prerequisite of photocatalytic hydrogen produc-
tion [64]. Recent studies on QDs have also demon-
strated their great potential in the field of
photocatalysis [65–67]. Elsayed et al. prepared hetero-
geneous photocatalysts in the form of polymer dots
by combining organic semiconductor polymers with
N-doped carbon quantum dots covered by PS-
PEGCOOh, and its hydrogen evolution rate increased
by about five times [68]. In addition, heteroatoms
doped on QDs can form strong interactions with
hydrogen, increasing adsorption capacity, which is
also promising for hydrogen storage [69, 70].
In this review, the latest progress in the field of QDs is

comprehensively summarized, including the preparation
and mechanism of QD composites in electrochemical

and photocatalytic systems, energy storage (electrochem-
ical capacitors, lithium/sulfur batteries), and photo-
catalysis (hydrogen evolution). Finally, we discuss the
advantages and disadvantages of QDs in electric energy
storage and photocatalytic hydrogen evolution, make a
prospect of QDs for hydrogen storage, and suggest the
remaining challenges and opportunities.

2 Application of quantum dots in lithium- sulfur
batteries
Sulfur cathode materials in rechargeable lithium-sulfur
(Li-S) batteries have a high theoretical capacity and spe-
cific energy density, low cost, and meet the requirements
of portable high electric storage devices [71]. Due to
their small particle size, large surface area, and adjust-
able surface function, [72] quantum dots (QDs) can be
used as the modified material of positive electrodes [73,
74] and separator [75] materials in Li-S batteries. Ions in
batteries can obtain a short transmission path and a fast
conduction rate [76–78].

2.1 Positive electrode for lithium-sulfur batteries
The theoretical capacity of sulfur cathode materials in
Li-S batteries is up to 1675 mAh g-1. Unlike traditional
cathode insertion materials, sulfur undergoes a series of
composition and structure changes during the cycle,
forming soluble polysulfides and insoluble sulfides.
Therefore, the practical application of Li-S batteries has
been plagued by several fundamental challenges, [79–81]
such as the low conductivity of sulfur and its discharge
products (Li2S2/Li2S), the shuttle of intermediate poly-
sulfides during the recharge/discharge process, and the
significant volume expansion of sulfur. Quantum dots
have a high specific surface area and many surface func-
tional sites, which provide abundant active sites for the
absorption and localization of polysulfides. It can achieve
a high sulfur load to reduce polysulfide shuttle and ac-
commodate the volume expansion of sulfur particles.
In this context, we summarize various quantum dots

that capture polysulfides near the cathode. Gao et al. re-
ported for the first time a simple, one-step strategy for
growing TiO2 quantum dots on ultra-thin MXene
(Ti3C2Tx) nanosheets via solvothermal synthesis assisted
by cetyltrimethylammonium bromide (CTAB) [82]. Due
to the presence of CTAB, this strategy can well protect
MXene from oxidation, so the obtained TiO2QDs@M-
Xene nanohybrid has high conductivity to ensure rapid
ion diffusion and inhibits the shuttle effect of polysulfide.
Because of its ultra-thin properties, the nanohybrid re-
tains most of the active region characteristics to adapt to
the volume expansion of loaded sulfur particles. As
shown in Fig. 1A, the shuttle effect of polysulfide can
also be inhibited. TiO2 QDs@MXene/S negative elec-
trodes provide capacities up to 1158,1037,925,812, and
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Fig. 1 (See legend on next page.)
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663 mAh g−1 when cycled at C/5, C/2, 1C, 2C, and 5C
rates (1C = 1675 mA g−1). In contrast, the capacities of
MXene/S cathodes at the same rate are only 1088, 897,
753, 636, and 464 mAh g−1 (Fig 1B and C). Hu et al. de-
signed and prepared polyethyleneimine functionalized
carbon dots (PEI-Cdots) to improve the performance of
Li-S batteries with high sulfur loads, suitable for oper-
ation under high current density conditions [83]. As
shown in Fig. 1D and E, they also calculated the config-
uration of LiPSs functional groups on the PEI surface
and the binding energy between them. The chemical
binding and rapid ion transport properties of polysul-
fides were enhanced in the cathode modified by PEI-
Cdots. It is noteworthy that black phosphorus has good
volume conductivity, rapid lithium-ion diffusion con-
stant [84], and high binding energy with sulfur, [85]
which indicate that black phosphorus can be used as a
carrier of polysulfides. Based on their adsorption and
electrocatalysis studies, Xu et al. demonstrated that
using nano-scale black phosphorus (BP) particles (such
as BP quantum dots (BPQD)) could greatly improve the
adsorption of polysulfides in black phosphorus [81].
They performed a LiPSs static adsorption experiment on
a BP sheet, and the result was BPQD>BP-8K>BP-4K (Fig
1F), consistent with UV-VIS spectra. Scanning electron
microscope (SEM) images also showed that the precipi-
tation effect of Li2S on CF/VPQD was the best. (Fig 1G)
They combined a small amount of BPQD (2% by weight
of the positive electrode) with a sulfur/porous carbon
fiber positive electrode. The Li-S battery did not show
polysulfide diffusion while maintaining excellent battery
performance.

2.2 Quantum dot modified separator
In the discharge/charging process of Li-S batteries, sol-
uble polysulfide will diffuse into the liquid electrolyte
and shuttle to the lithium negative electrode through the
separator. It results in the passivation of the lithium
negative electrode and the loss of active materials, lead-
ing to low coulomb efficiency and rapid capacity
decay [86, 87]. Conventional separators cannot prevent
the diffusion of soluble polysulfides [75]. Quantum dots
can also modify the separator to reduce the shuttle effect
of polysulfides due to their strong interaction with

polysulfides. We summarize the quantum dots used to
assist in separator modification. Ding et al. used atomic
layer deposition (ALD) to create a TiO2 quantum dot-
modified multi-walled carbon nanotube as a polypropyl-
ene separator for Li-S batteries [75]. This strategy can
prevent soluble polysulfide from shuttling through the
separator to the lithium anode and improve the coulomb
efficiency and cycle stability of Li-S batteries. (Figure
2A) The Li-S battery with MWCNTs@TiO2 quantum
dots modified separator provides an initial capacity of
1083 mAh g-1 and maintains a cycle capacity of 610
mAh g-1 after 600 cycles at a rate of 838 mA g-1. It
maintains an average capacity attenuation of only
0.072% per cycle. (Figure 2B) Pang et al. designed an ul-
tralight coated diaphragm by coating one side of a com-
mercial PP partition with ultralight multi-walled carbon
nanotubes/N-doped carbon quantum dots (MWCNTs/
NCQDs) [88] (Fig. 2C). The area weight of MWCNTs/
NCQDs coating was as low as 0.15 mg cm-2 (Fig. 2D).
Compared with the MWCNTs modified diaphragm de-
signed by Chung et al. [90] the capacity retention and
self-discharge inhibition of Li-S batteries using MWCN
Ts/NCQDs layer separator was improved. The synergis-
tic effect of MWCNTs and NCQDs resulted in a rela-
tively high initial discharge capacity of 1330.8 mAh g-1

and excellent cycling performance. The corresponding
capacity attenuation rate was as low as 0.05% per cycle
at 0.5 C, exceeding 1000 cycles (Fig. 2E). It is worth not-
ing that the lithium metal anode in the lithium-ion bat-
tery will lead to the uncontrolled growth of lithium
dendrites during the continuous charging and dischar-
ging process, which may lead to low coulomb efficiency
and safety problems [91, 92]. To address these problems,
Yu et al. designed a novel Mo2C quantum dot (MQD)
anchored N-doped graphene (NG) functionalized separ-
ator (MQD@NG) [89]. As shown in Fig. 2F, the optical
and TEM images of MQD@NG/PP separator after 200
cycles show that the lithophile of polar Mo2C QDS can
establish a fast electrolyte diffusion path for lithium ions,
achieving uniform deposition of lithium and having
strong chemical adsorption of polysulfide. The Li-S bat-
tery with an MQD@NG interlayer achieved more than
1600 hours of dendrite-free lithium deposition at a high
current density of 10 mA cm-2. The battery also has a

(See figure on previous page.)
Fig. 1 A Schematic diagram of the principle of TiO2 quantum dots growing on MXene nanosheets to inhibit the polysulfide shuttle effect; B rate
capabilities of TiO2 QDs@MXene/S and MXene/S cathodes (1C = 1675 mA g−1); C Comparisons of cycle behaviors at C/5 (sulfur loading = 5.5 mg
cm−2) of TiO2 QDs@MXene/S and MXene/S cathodes;(Reprinted from Ref. [82]. Copyright 2018 Wiley-VCH.) D The calculated configurations of the
LiPSs species (Li2S, Li2S2, Li2S3, Li2S4, Li2S6, and Li2S8) on a reducible molecular structure of the PEI surface functional groups; E The calculated
binding energy between the PEI surface-active group and the LiPSs species; (Reprinted from Ref. [83]. Copyright 2019 Wiley-VCH.) F SEM images
of Li2S precipitation on different substrates; G UV–vis spectra of LiPS with variation in color upon adsorption by different-sized BP flakes. (CF is
carbon fiber, BP-4K is BP that was centrifuged at 4000 rpm, BP-8K was centrifuged at 8000 rpm, BPQD is black phosphorus quantum dot)
(Reprinted from Ref. [81]. Copyright 2018 SPRINGER NATURE.)
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Fig. 2 (See legend on next page.)

Xu et al. Carbon Neutrality            (2022) 1:13 Page 5 of 18



high capacity of 1230 mAh g-1 with highly stable cycle
performance after 0.2C and 100 cycles without signifi-
cant capacity attenuation. Figure 2G
In this section, we discuss the application progress of

quantum dots in li-S cathode and diaphragm compo-
nents. By introducing quantum dots into the positive
electrode and diaphragm of lithium-sulfur battery, the
surface properties and adjustable ligands of quantum
dots are utilized to improve the adsorption of soluble
polysulfide and inhibit "shuttle effect", and the charge
capacity and cyclic stability of the battery are improved
remarkably. At present, there are some new ways to
solve the crossing effect of polysulfide. For example, Ye
et al use different catalysts to degrade polysulfide at
S8↔Li2S4 and Li2S4↔Li2S [93]. This may provide a new
idea for the application of quantum dots in Li-S batter-
ies. It is believed that more and more quantum dots will
be introduced into the preparation of cathode, dia-
phragm, and even positive electrode and electrolyte of
Li-S batteries. Here, we propose some problems that
need to be solved for the preparation of relevant
quantum dots in the future and possible research trends
in the future. Firstly, the structure and chemical proper-
ties of the designed quantum dots should be correlated
with the electrochemical performance of Li-S cells, so
that they can play their excellent inherent properties in
the battery environment. Secondly, the mechanical prop-
erties of quantum dot composites and the adsorption of
polysulfide can maintain long-term stability in the use
and preparation. Finally, if li-S batteries are to be used in
large numbers in real life, it is necessary to optimize or
design a new preparation process to minimize the prep-
aration cost of quantum dot composites.

3 Progress of quantum dots in supercapacitors
Supercapacitors (SCs) have been widely concerned by
researchers in recent years due to their higher power
density, long cycle life, and fast charge and dis-
charge [94–96]. Fig. 3A shows the structure of trad-
itional capacitors and supercapacitors, SCs are
composed of electrodes immersed in the electrolyte, and
a diaphragm electrically isolates the electrodes. Accord-
ing to different energy storage mechanisms, SCs can be
divided into two types: double-layer capacitors (DLCs)

represented by adsorption-desorption energy storage,
and the other is pseudocapacitors materials represented
by hydrogen storage by a redox reaction [48, 101]. Com-
pared with traditional batteries, the lower energy density
of SCs limits the development of their practical applica-
tions. Thus, researchers have done a lot of research to
improve the energy density of SCs and develop new
electrode materials with strong cycle stability and high
capacity. CDs-based electrodes can provide ultra-high
capacity and maximum efficiency due to their excellent
properties, such as excellent electronic conductivity, lots
of active sites, high surface area, significant wettability in
different solvents, and adjustable bandgap. Carbon /gra-
phene quantum dots (CQDs or GQDs) retain the char-
acteristics of carbon materials' stable chemical properties
and have quantum tunneling effect, size effect, and sur-
face effect. It has a strong adsorption capacity for elec-
trolyte ions, and it has a wide range of development
prospects in SCs [95, 98, 101, 102]. Table 1 summarizes
carbon-based quantum dots in enhancing supercapaci-
tors in recent years. Studies have shown that the energy
density of SCs based on GQDs is closer to that of batter-
ies [95, 112].
The DLCs is mainly based on charge storage, and the

electrode material is mainly carbon material of high ratio
surface area [113]. The application of quantum dots in
double-layer capacitors is to embed quantum dots in
carbon electrode materials to increase the specific sur-
face area of carbon materials, so as to obtain higher SC
performance. For example, Qing et al. [97] embedded
highly crystalline GQDs into activated carbon and con-
structed a conductive network as shown in Fig. 3B,
which promoted the storage of electrolyte ions in deep
pores and improved the electrochemical performance of
activated carbon. Generally speaking, GQDs can shorten
the ion transmission path due to their nano-size con-
structability and highly crystalline conductive properties.
As an emerging material for DLCs electrodes, carbon
nanofibers have strong mechanical properties, large spe-
cific surface area and good electrical conductivity (Fig.
3C) [114]. However, it is challenging to have both por-
ous structure and conductive network to ensure the
structural stability and good conductivity of carbon
nanofibers electrodes. Zhang et al. [99] found that

(See figure on previous page.)
Fig. 2 A schematic diagram of the preparation process of MWCNTs@TiO2 quantum dots and Schematic diagram of li-S cell with commercial PP
diaphragm and MWCNTs@TiO2 quantum dot coated diaphragm; B Long life cycle tests of Celgard, MWCNTs/Celgard and MWCNTs@TiO2

quantum dots /Celgard. (Reprinted from Ref. [75]. Copyright 2018 Elsevier Ltd.) C Schematic diagram of BPQD/TNS composite and HRTEM image
of BPQD anchored on TNS surface; D Photographs of one side of the MWCNTs/NCQDs-coated separator and cross-section of MWCNTs/NCQDs-
coated separator; E Long-term cycling performance at 1 and 2 C of the Li–S batteries with MWCNTs/NCQDs-coated separator.(Reprinted from Ref.
[88]. Copyright 2018 Wiley-VCH.) F Optical photograph of the lithium plate after plating/stripping with MQD@NG/PP separators for 200 cycles.
Corresponding SEM image of the lithium plate with MQD@NG/PP separator. cross-section of the lithium plate after cycles. G Cycle performance
of PP, G@PP, MQD@NG/PP batteries at 0.2c. (Reprinted from Ref. [89]. Copyright 2020 Elsevier Ltd.)

Xu et al. Carbon Neutrality            (2022) 1:13 Page 6 of 18



Fig. 3 (See legend on next page.)

Xu et al. Carbon Neutrality            (2022) 1:13 Page 7 of 18



carbon nanofiber mats modified with GQDs can signifi-
cantly improve the mechanical and electrochemical per-
formance of flexible supercapacitors (Fig. 3D). The
content of quantum dots can adjust the degree of cross-
linking between carbon nanofibers. The cross-linked
fiber structure can improve the mechanical and electrical
properties of the carbon nanofiber mat. Zhao et al. [100]
integrated GQDs into electrospun carbon fiber (Fig. 3E),
which play an essential role in constructing reinforcing
phase and conductivity. What’s more, the device can
charge the capacitor to 80% in only 2.2s, and the cap-
acity does not decay significantly after 10,000 cycles at
50 Ag -1 (Fig. 3F). That shows a vast development pro-
spect as a back up power source power source.
Pseudocapacitance is associated with the electrical ad-

sorption and surface REDOX processes of large areas of
electrode materials, usually metal oxides and conductive
polymers [113]. QDs can be combined with other mate-
rials such as conductive polymers, transition metal ox-
ides, etc., as electrodes materials. Combining CDs and
GQDs in metal oxides can improve their conductivity
and conductivity performance. Wei et al. [114] used the
hydrothermal method and calcination treatment to com-
bine CDs/NiCo2O4 as the electrode material of SCs, the
addition of CDs accelerates the diffusion between elec-
trodes and ions. Jia et al. [94] prepared the GQDs/MnO2

heterostructure electrode by a simple two-step method(-
hydrothermal and plasma vapor deposition method).
The prepared GQDs with a particle size of 2-3 nm are

dispersed on the surface of MnO2, and the GQDs/MnO2

composite material is prepared by controlling the depos-
ition time (Fig. 4A). The potential window of the high-
performance water SC reaches 1.3V. The schematic dia-
gram of energy change before and after contact with
MnO2 and GQDs is shown in Fig. 4B. Because GQDs
has a huge active site and high conductivity.
It is worth noting that in recent years, some studies

have directly used quantum dots as electrodes, which
have significant advantages as electrode materials for mi-
cro SCs (MSCs) [116, 117]. As shown in Fig. 4C, Liu
et al. [115] used molybdenum disulfide quantum dots
(MoS2-QDs) and nitrogen-doped GQDs (N-GQDs) as
cathode and anode materials, respectively, and the pre-
pared micro-supercapacitors (MSCs) showed excellent
electrochemical performance. Through heteroatom dop-
ing, it produces abundant functional groups on the sur-
face, forming structural defects and then adjusting the
physical and chemical properties of the material. GQDs
can be used not only as an electrode material for SCs
but also as an electrolyte. The characterization of SCs by
electrochemical impedance spectroscopy explains the
reasons for their remarkable chemical properties. As
shown in Fig. 4D, the Nyquist plot showed a nearly
straight line along the imaginary axis, indicating that the
resulting MSCs have near-capacitive behavior. The re-
laxation time constant of n-GQDs // Mos2-QDs asym-
metric MSCs prepared by them was 0.087ms (Fig. 4E),
which was much lower than most reported onion-like

(See figure on previous page.)
Fig. 3 A Schematic representation of a conventional capacitor and a supercapacitor; (Reprinted from Ref. [96]. Copyright 2019 Royal Society of
Chemistry.) B Illustration of the N-GQDs//MoS2-QDs asymmetric MSCs; (Reprinted from Ref. [97]. Copyright 2019 Royal Society of Chemistry.) C
The CDs are synthesized hydrothermally with uniform sizes and employed to prepare C–F) the CDs/NiCo2O4 composites with different
morphologies; (Reprinted from Ref. [98]. Copyright 2016 Wiley-VCH.) D Schematic diagram of graphene quantum dots modified carbon nanofiber
felt flexible supercapacitor; (Reprinted from Ref. [99]. Copyright 2021 Royal Society of Chemistry.) E Schematic diagram of GQD-reinforced
electrospun carbon nanofiber fabrics(AGRCNF) prepared by electrostatic spinning, carbonization and chemical activation; F Cycle performance of
the AGRCNF-3//AGRCNF-3 supercapacitor at 50 A g–1. (Reprinted from Ref. [100]. Copyright 2020 ACS Publications)

Table 1 Application of quantum dots in supercapacitors

Electrode materials Specific capacitance Cycling life Electrolyte Energy density Ref

NiCo2O4/GQDs 481.4Fg-1 at 0.35 Ag-1 65.88% (300) 1M KOH - [103]

GQDs 332 Fg−1 at 0.5 Ag−1 - 1M H2SO4 6.4 Wh kg-1 [99]

CQDs/Ni3S2 1130 Fg−1 at 2 Ag−1 80% (3000) 1M KOH 18.8 Wh kg-1 [104]

NCH/NCQDs 727C g-1 at 1 A g-1 87.5% (8000) 3M KOH 49.1 Wh kg-1 [105]

NiCo2O4/CQDs 856 F g-1 at 1A g-1 98.75% (10000) 2M KOH 13.1 Wh kg-1 [106]

V2O5/GQDs 572 F g-1 at 1A g-1 92% (10000) 0.1 M H2SO4 31.25 Wh kg-1 [107]

ONCDs/Porous Hydrogels 400 F g-1 at 1A g-1 100% (10000) 1M H2SO4 13.5 Wh kg-1 [108]

MnO2/CQDs 340 F g-1 at 1A g-1 80.1% (10000) 1M Na2SO4 33.6 Wh kg-1 [109]

GQDs/Ultra microporous 3 F cm-2 at 0.5 A g-1 100% (50000) 6M KOH 9.38 Wh kg-1 [110]

N-O GQDs 325 F g-1 at 0.8 A g-1 82.6% (5000) 1M H2SO4 8.0 μWh cm-2 [111]
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carbon-based MSCs. After 10,000 cycles, the initial cap-
acity remains 89.2% (Fig. 4F), with good cycle stability.

4 Photocatalytic Hydrogen Evolution Applications
of Quantum Dots
With the speediness expend of fossil fuels for the past
few years and causing energy absence, environmental

contamination, and global warming, sustainable energy
conversion appliance have progressively become com-
mon subjects of global Progress [118–120]. Utilize solar
energy to convert water into hydrogen fuel is an effective
way to resolve energy and environmental problems
[121–125]. In terms of thermodynamics, an excellent
hydrogen production photocatalyst needs to have a

Fig. 4 A Fabrication process of GQD/MnO2 heterostructural materials; B Energy diagram of MnO2 and GQDs before contact, energy diagram of
the interface between MnO2 and GQDs after the formation of a heterojunction and the schematic diagram of free electrons accumulating near
the GQDs surface; (Reprinted from Ref. [94]. Copyright 2018 Wiley-VCH.) C General preparation route of the GQD embedded activated carbons; D
Nyquist plot of the MSCs showing the imaginary part versus the real part; E Plot of impedance phase angle versus frequency; F Capacitance
retention of the MSCs as a function of cycle number measured at the scan rate of 1 V s−1 with 10 000 cycles. (Reprinted from Ref. [115].
Copyright 2020 Wiley-VCH.)
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conduction band (CB) position that is lower than the
oxidation-reduction of H+/H2 (0 V vs. NHE, pH = 0),
and the valence band (VB) position is higher than the
oxidation-reduction potential of O2/H2O (1.23Vvs. NHE,
pH=0) [126, 127]. However, the low quantum efficiency
of conventional catalysts seriously hinders the large-scale
application of photocatalytic water decomposition [128,
129]. Compared with bulk semiconductor materials,
QDs generate multiple excitons due to quantum con-
finement, achieving better charge separation and trans-
mission, and better improving photocatalytic
activity [130, 131]. For example, Wu et al. prepared two-
dimensional nanocrystals with catalytic activity by sand-
wiched monolayer WO4 between bilayer Bi2O2 for
photocatalytic hydrogen production, with H2 generation
efficiency up to 56.9 μmol/g/h [132]. By virtue of the ex-
cellent environmental stability and unique chemical,
physical, electronic and optical properties of quantum
dot materials, energy saving photocatalysts with higher
performance can be obtained [133–136].
Researchers have successfully synthesized both boron

(B) and phosphorus (P) co-doped silicon quantum dots
(Si QDs) and tested the photocatalytic hydrogen produc-
tion activity [137]. The study proved for the first time
that the quantum size effect of prepared photocatalyst
QDs has a significant impact on the photocatalytic H2

generation rate. The diameter of Si particles trails off,
the rate of H2 generation aggrandizes sharply. Gao et al.
[138] converted oil-soluble ZnxCd1–xS quantum dot
(ZCS QDs) without photocatalytic activity into water-
soluble ZCS quantum via ligand exchange and the syn-
thesis process is shown in Fig. 5A. The TEM images
(Fig. 5B) show that the ZCS quantum dots have excel-
lent dispersibility and narrow size distribution of 4 nm.
Under specific conditions, the water-soluble ZCS QDs
exhibits splendid catalytic efficiency under visible light
(1340 μmol h-1 g-1), 11.5 times more active than the oil-
soluble QDs counterpart (Fig. 5C). On account of the
small particle size, broad surface area feeds with excel-
lent separation efficiency of photogenerated carriers,
thereby improve the photocatalytic activity. Xiang et al.
[139] used solvothermal method to prepare oil-soluble
cadmium sulfide (CdS) quantum dots, and then success-
fully transferred them into water through ligand ex-
change (Fig 5D). The photocatalytic hydrogen activity
experimental result of the catalyst doped by Sn2+

reached 1.94 mmol g-1 h-1, which is significantly higher
than the original water-soluble CdS QDs (0.059 mmol g-
1 h-1). Further proposed reaction mechanism of photo-
catalytic hydrogen production indicated that Sn2+ ions
were adsorbed on the surface of CdS quantum dots
which can easily be reduced to Sn(0) by light (Fig. 5E).
Therefore, the produced electrons and holes about as-
prepared quantum dots can be separated and transferred

resultful, and the photocatalytic activity will largely en-
hance. The main reaction process is summarized as the
following steps

Sn2þ þ 2e− ¼ Sn ð1Þ
Snþ 2e− þ 2Hþ ¼ SnþH2 ð2Þ

So far, abundant and multifarious semiconductor ma-
terials have been used in photocatalytic hydrogen pro-
duction [141–144]. Among them, cadmium sulfide
(CdS) and carbon nitride (C3N4) are excellent candidates
owing to their narrow energy gap which can absorb the
visible light, and the appropriate energy position can ef-
fectively reduce protons to H2 [145–149]. However, the
photocatalytic hydrogen production of pure CdS and
C3N4 is extremely low due to the rapid recombination of
photogenerated electrons and holes. To tackle such in-
trinsic problems, quantum dots are employed for boost-
ing the charge separation efficiency, in order to enhance
the photocatalytic hydrogen production performance.
Surface modification of the semiconductors by

quantum dots is the most commonly used strategy to
improve photocatalytic hydrogen production efficiency.
Quantum dots can be used as co-catalysts to capture
carriers, improving charge separation efficiency, redu-
cing the energy barrier for hydrogen evolution, and serv-
ing as active sites in catalytic reactions. For example, Ma
et al. [150] found the photocatalytic activity of CdS
under visible light was greatly enhanced by the modifica-
tion of novel nonmetallic Mo2C QDs. The hydrogen
evolution rate of the composite material (2.0% Mo2C/
CdS) is 172 mmol h-1, which is 10.21 times higher than
the pure CdS. Liu et al. [151] creatively prepared the BP
quantum dots bedecked on the surface of the CdS nano-
wires through a simple electrostatic self-assembly
method. The resulting BPQDs/CdS composite material
showed outstanding photocatalytic performance (9.9
mmol g-1 h-1), 6.4 times higher than original CdS nano-
wires. The photocurrent and impedance test proved that
the BPQDs/CdS composite interface can efficiently ex-
pedite the segregation and transfer of produced charge
carriers. Li et al. [140] innovatively used Ti3C2 QDs
modified g-C3N4 nanosheet via self-assembly method to
prepare g-C3N4@Ti3C2 composites (Fig. 5F). Photolumi-
nescence (PL) test, photocurrent measurement as well as
electrochemical impedance spectroscopy (EIS) experi-
ment showed that as-prepared composites have superior
carrier separation efficiency (Fig. 5G and H). The cata-
lytic performance of g-C3N4@Ti3C2 QD material (5123.8
μmol g-1 h-1) is 26.57 times higher compared with g-
C3N4 nanosheet (192.8 μmol g-1 h-1). Fig. 5I shows the
photocatalytic reaction process of g-C3N4@Ti3C2 QD
composite material with mimetic solar irradiation. The
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electrons on the surface produced by excitation of g-
C3N4 nanosheet can quickly migrate to Ti3C2 QDs via
g-C3N4-Ti3C2 heterojunction due to the metallic nature
of Ti3C2 QDs. These electrons will then transfer to pro-
tons for hydrogen production on the active sites of
Ti3C2 QDs.
The preparation of heterojunction is a critical path

to enhance photocatalytic activities owing to its ability
to restrain the recombination of photo-generated car-
riers. Wang et al. [152] has successfully synthesized
hexagonal ZnIn2S4 microspheres, and then decorated
the surface of unique ZnIn2S4 microspheres by the
cubic ZnIn2S4 QDs using hydrothermal growth
method (Fig. 6A). It can be seen from Fig. 6B that
the abundant quantum dots are well dispersed on the
surface of the nanosheet. HRTEM further proved the
formation of heterogeneous junctions, where the lat-
tice stripe with d spacing about 0.325 nm and 0.375
nm are assigned for (102) plane of H-ZnIn2S4 and
(220) plane of C-ZnIn2S4 respectively. The as-
prepared ZnIn2S4 heterojunction material displays ex-
cellent photocatalytic performance (114.2 μmol h-1),
which is 7.4 and 3.3 times better than pure cubic and
hexagonal ZnIn2S4 (Fig. 6C, D). The as-prepared
unique ZnIn2S4 heterojunction QDs material realizes
the quick transfer and segregation of photogenerated
carriers. In addition, the formed sulfur vacancies in
heterogeneous junctions through quantum dots can
furnish more electron capture sites for catalytic re-
duction reaction, thereby improving the photocatalytic
activity. Shi et al. [154] fabricated a Z-scheme hetero-
structure material BP/RP-QD via wet-chemistry
method owing to the quantum confinement effect.
The concentration of cobalt ions added to the sample
was determined by ICP-AES. The hydrogen produc-
tion experiments confirm 2 wt% Co-BP/RP-QD has
the highest activity (375 μmol h-1 g-1 ), which is
10.41 and 3.94 times that of BP-QD (36 μmol h-1 g-1)
and RP-QD (95 μmol h-1 g-1), indicating that the for-
mation of a heterojunction photocatalyst can greatly
improve photocatalytic hydrogen production activity.
Based on their previous research, Jiao et al. [153] suc-
cessfully synthesized a new type of ternary hetero-
junction material with MoS2 quantum dot uniformly
dispersed in g-C3N4 nanosheet/N-doped carbon dot.

The synthetic g-C3N4/NCDS/MoS2 material shows
preeminent photocatalytic hydrogen evolution activity
(226.35 μmol g-1 h-1), 54 times higher than pure g-
C3N4/MoS2-3% (Fig. 6E). In addition, the as-prepared
g-C3N4/NCDS/MoS2 exhibits outstanding light stabil-
ity. The mechanism of g-C3N4/NCDS/MoS2 photo-
catalytic hydrogen production is proposed in Fig. 6F.
Both g-C3N4 and NCDS are excited to produce
electron-hole pairs under visible light. The ternary
heterojunction photocatalyst formed by doping MoS2
quantum dot can significantly accelerate the transfer
and segregate of produced carriers, thereby heighten
the performance of photocatalytic hydrogen
production.
In this review, we have summarized the applications of

QDs based nanomaterials in lithium- sulfur batteries,
supercapacitors, and photocatalytic hydrogen produc-
tion, with the emphasis on material preparation, struc-
ture, and energy storage properties. According to the
unique physical and chemical properties of QDs and the
current research progress, the important roles of QDs in
energy storage and conversion system are listed as
follows:
(1) Reducing the size of electrode material to QD level

can greatly reduce the volume change stress, improve
electrode dynamics, and shorten the migration distance
of lithium ions, sodium ions, or other ions within the
battery.
(2) QDs embedded in carbon electrode expands the

distance between carbon atom layers, reduces the degree
of order, forms heterojunctions, as well as enhances the
storage capacity and diffusion rate of lithium ions.
Higher SC properties can be obtained by increasing spe-
cific surface area and doping nitrogen on common car-
bon materials. The storage of electrolyte ions in deep
holes is promoted, thus the rate and capacitance per-
formance are significantly improved.
(3) Quantum dot modified semiconductor materials

can be used as a cocatalyst to capture carriers, improve
the charge separation efficiency of hydrogen evolution,
and also as the active site of catalytic reaction, thus im-
proving the overall performance of photocatalytic hydro-
gen production.
Many researchers have put effort into the synthesis

methods of various QDs. Different design and assembly

(See figure on previous page.)
Fig. 5 A The schematic illustration of the ligand-exchange process for ZCS QD; B The TEM images of ZCS quantum dots; C Photocatalytic H2-
production rates of ZCS RS, RS-1% Ni, QD, and QD-1% Ni; (Reprinted from Ref. [138]. Copyright 2021 Elsevier Ltd.) D A schematic illustration of
ligand exchange and adsorption of Sn2+ on the surface of CdS QDs; E H2 production and separation of CdS QDs with Sn2+ or Sn atom under
visible light irradiation; (Reprinted from Ref. [139]. Copyright 2020 Wiley-VCH.) F Schematic Illustration of the Preparation of g-C3N4@Ti3C2 QD
Composites; G Steady photoluminescence (PL) and time-resolved fluorescence decay spectra of g-C3N4 and g-C3N4@Ti3C2 QDs-100 mL
composites, λex = 325 nm; H Photocurrent responses and EIS of g-C3N4 NSs and g-C3N4@Ti3C2 QDs-100 mL composites; I Schematic
Photocatalytic Mechanism of g-C3N4@Ti3C2 QD Composites. (Reprinted from Ref. [140]. Copyright 2019 ACS Publications)
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Fig. 6 A Schematic illustration of the formation process of the cubic quantum dot/hexagonal microsphere ZnIn2S4 heterophase junctions; B SEM
images, TEM image, and the HRTEM image of the cubic quantum dot/hexagonal microsphere ZnIn2S4 heterophase junction; C, D Comparison of
the photocatalytic H2 evolution rate of H-ZnIn2S4, C-ZnIn2S4 and J-ZnIn2S4 samples with different cubic/hexagonal mole ratios (1:4, 1:6, and1:8)
and different reaction times; (Reprinted from Ref. [152]. Copyright 2017 Royal Society of Chemistry.) E Proposed photocatalytic mechanism for
hydrogen evolution over g-C3N4/NCDS/MoS2 under visible light irradiation; F Photocatalytic reaction of g-C3N4/NCDS/MoS2 composite
photocatalyst under visible Light (λ≥420nm) for 3h. (A: bulk g-C3N4. B: g-C3N4/MoS2-3%. C: g-C3N4/NCDS/MoS2-2%. D: g-C3N4/NCDS/MoS2-3%. E:
g-C3N4/NCDS/MoS2-4%. F: g-C3N4/NCDS/MoS2-5%). (Reprinted from Ref. [153]. Copyright 2019 Elsevier Ltd.)
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strategies to prepare advanced QD-based electrode ma-
terials are also established. However, there is still plenty
of unsolved scientific and technical issues in the field be-
fore we can step into practical application:
(1) So far, the synthetic QDs/doped QDs strategy still

has many limitations, such as low yield, synthetic com-
plexity, and high cost, which hinder the further develop-
ment and application. In addition, the polydisperse and
reproducibility issue of QDs synthesis makes it difficult
to ensure the stability of the electrode material in the
cycle process. There is an urgent need to explore simple,
economical, and efficient ways to produce high-quality
QDs.
(2) The research of QDs composites in the field of

electrochemical energy storage is still in the infancy
stage. The scarcity of systematic research on the electro-
chemical behavior and energy storage mechanism of
QDs and other components hinders us to understand
the influence of various parameters of QDs on their per-
formance in energy storage and conversion systems. In
this case, it is imperative to conduct comprehensive
studies on such topics eg. the interaction mechanism of
QDs with other materials, and its influence on the prop-
erties of composite materials by both experiments and
theoretical calculations.
(3) Graphene QDs has a large specific surface area and

can be easily doped with transition metals and alkali
metals, which can greatly improve hydrogen storage cap-
acity. Therefore, graphene QDs is considered as a poten-
tial candidate material for solid-state hydrogen storage.
However, the research on QDs hydrogen storage is al-
most blank, and only a few researchers try to dope Pb,
[155] Cu, [69] Cr, [156] Li [70] and other metals in QDs
to improve the performance of hydrogen storage. No
QDs composite material for hydrogen storage has been
prepared so far, which leaves us a promising but unex-
plored field.
In conclusion, this paper reviews the importance and

great potential of quantum dot composites in the devel-
opment of high-performance energy storage and cata-
lytic systems. It is reasonable to conclude that QDs is
becoming an important multifunctional material for en-
ergy storage/conversion devices. In particular, with the
development of advanced technologies and
characterization methods, new physicochemical proper-
ties of QDs will be discovered, which will lead to an ex-
tension of its application to other promising research
fields. We can foresee that the research of advanced
electrode materials based on QDs and their potential ap-
plications in energy-related fields will encounter an ex-
plosive growth in the near future.
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