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a b s t r a c t

The realization of high-efficiency photocatalysis is greatly meaningful to overcome the issues of current

energy and environment, in which the core factor is the exploration of photocatalysts with promis-

ing semiconductor properties. The Cu-based metal sulfide photocatalysts of CuSbS2 and its derivative

of bournonite CuPbSbS3 possess the features of earth-abundant elements, strong photostability, visible-

light range bandgap, and high absorption coefficient, possessing great potential for the realization of ef-

ficient photocatalytic applications. Although the photocatalysts of CuSbS2 and CuPbSbS3 have been in-

vestigated in photocatalysis application of hydrogen production and degradation, the exploration process

is still in the early-development stage. In this review, the design concept and semiconductor properties

of CuSbS2 and CuPbSbS3 are firstly introduced. Subsequently, the photocatalytic applications of CuSbS2
and CuPbSbS3 photocatalysts, mainly including hydrogen production and degradation, are systematically

reviewed. Finally, the challenges and prospects for the further exploration of CuSbS2 and CuPbSbS3 pho-

tocatalysts are provided.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

In the past decades, the continues consumption of traditional

fossil energy sources makes it urgent to develop advanced renew-

able techniques for the acquirement of sustainable sources [1-15].

As one of the solar energy conversion technique, photocatalysis,

is an ideal technique to solve the current development issues, in

which the key factor is the efficient application of solar energy and

exploration of photocatalyst with promising semiconductor proper-

ties [16-30]. In 1972, Fujishima et al. proved that the photoelec-

trochemical water splitting can be performed at the TiO2 elec-

trode [31], which pioneered the photocatalysis technique by the

semiconductor photocatalyst of TiO2. On this basis, great efforts

have been made to optimize the photocatalytic performance of

TiO2 photocatalyst [32-36]. In addition, various kinds of metal ox-

ide (MO) photocatalysts, typically ZnO, Bi2O3, CeO2, WO3, SrTiO3,
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and BiVO4, have also been explored and applicated in photocataly-

sis [37-42]. Nevertheless, owing to the O 2p state localized nature,

the charge separation efficiency in MO photocatalysts is generally

weak due to the heavy effective mass of the photogenerated holes

[43]. Furthermore, most of the explored MO photocatalysts have

wide bandgap due to the deep O 2p orbital of the valence band

(VB) [44]. As a result, the photocatalytic application based on MO

photocatalysts can be only performed under UV light irradiation,

which accounts only ∼4% of the sunlight. Therefore, for the real-

ization of efficient visible-light photocatalytic process, the narrow

bandgap semiconductor photocatalysts need to be explored.

Over the past decades in the research of photocatalysis,

metal sulfide (MS) photocatalysts have been gradually explored

in visible-light photocatalysis due to the general narrow bandgap

(stem from the small effective mass and robust quantum size ef-

fect) along with other promising semiconductor features [45-49].

As shown in Fig. 1, compared with TiO2 and other conventional

metal oxide (MO) photocatalysts, the MS photocatalysts not only

possess general narrow bandgap due to the robust quantum size

effect and small effective mass, but have the negative conduction
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Fig. 1. (a) Representative transition metal sulfides and post-transition metal sul-

fides. Copied with permission [26]. Copyright 2019, Royal Society of Chemistry. (b)

Energy band potentials of several representative MO and MS photocatalysts. Copied

with permission [45]. Copyright 2022, Wiley Publishing Group.

band (CB) potential, which can provide strong hydrogen evolution

reaction (HER) driving forces [50-53]. In addition, the MS photo-

catalysts with nanostructures generally exhibit large specific ca-

pacities, long carriers’ lifetime, and high photosensitivity than the

MO [54]. Owing to the high theoretical volume expansion, several

representative MS photocatalysts own the layer structure, which is

beneficial for the alleviate strain through volume expansion [55].

At the working temperature lower than the MO, the MS photocata-

lysts generally own higher sensitivity and selectivity to the specific

classes of molecules [45]. Another unique feature of MS photocat-

alysts is the lower melting point, which is significantly different

from the conventional MO photocatalysts [56]. In this case, the re-

searches in the PHE application, focusing on the MS photocatalyst,

is a meaningful scientific route for the realization of efficient PHE

performance. Typically, the binary MS (BMS) photocatalysts have

been firstly explored and researched due to the simple phase and

fabrication process, representatively MoS2, CdS, and CuS [52,57-

62]. Although remarkable research progress has been made, some

intrinsic issues of BMS photocatalysts still exist, which greatly hin-

der the further enhancement of the photocatalytic performance.

Typically, Zheng et al. comprehensively summarized the research

status of BMS photocatalysts in photocatalytic hydrogen evolution

(PHE) and photocatalytic degradation (PD) applications [63]. The

authors not only highlighted the advantages and semiconductor

properties of the BMS photocatalysts, but pointed out the issues

and drawbacks, including the photocorrosion phenomenon of CdS

and stacked layers (or irregular aggregates) of MoS2. The represen-

tative intrinsic drawbacks of other BMS photocatalysts were also

pointed out. Therefore, for the further enhancement of photocat-

alytic performance, it is greatly significant to explore other kinds

of MS photocatalysts, aiming to solve the above-mentioned issues

of the BMS photocatalysts.

Compared with the early-developed BMS photocatalysts, the re-

cently explored multinary MS (MMS) photocatalysts can effectively

solved the drawbacks of BMS due to the features of flexible el-

ements components, tunable bandgap and band structures, and

promising photostability [54]. Especially, through the modification

of phase transition or alloying, the band structures of the MMS

photocatalysts are easy to be modulated, which is greatly bene-

ficial to optimize the photocatalytic performance. In this regard,

our group has systematically summarized the research progresses

of the Ag, Cu, Zn-based MMS photocatalysts in photocatalytic ap-

plications, including ZnIn2S4, CuInS2, AgBiS2, AgGaS2, AgIn5S8, and

AgInS2, especially in the photocatalytic application of PHE [64-67].

Although some drawbacks of BMS can be overcome by the MMS

photocatalysts and promising research progress has been achieved,

most of them need to be synthesized under expensive condition

owing to the existence of earth-unabundant elements of Ga, Ag, Bi,

and In. Hence, an efficient strategy to decrease the fabrication cost

of MMS photocatalyst can further broad the MMS photocatalysts in

photocatalytic applications.

Taking the CuInS2 as the prototype, the low-cost MMS pho-

tocatalyst of CuSbS2 can be formed through replace the In ele-

ment in CuInS2 by the Sb, which is the periodical production and

groundbreaking research progress of the MMS photocatalysts [68-

71]. At the same time, many other types of photocatalyst materi-

als have been widely explored, especially the MOs and perovskite-

structured compounds [72-75]. Nevertheless, the photo-stable MOs

can only absorb the UV-light due to the wide bandgap, and

perovskite-structured photocatalysts generally suffer from the low

stability due to the high sensitivity to water and oxygen. Therefore,

the CuSbS2 photocatalyst can not only overcome the drawbacks of

these photocatalysts for contemporaneous research but is potential

to realize efficient PHE under low-cost condition, which is highly

valuable for the exploration in the PHE field. Recently, the pho-

tocatalysts of CuSbS2 and CuSbS2-based heterojunction photocata-

lysts of CuSbS2/TiO2 have been successfully applicated in PHE and

PD applications [64]. Moreover, based on the advanced concept

of “electronic dimensionality”, the CuSbS2 can be reconstructed

to the MMS photocatalyst of bournonite CuPbSbS3 after the in-

corporation of PbS, which is greatly beneficial in solar-to-energy

(STE) applications due to the excellent semiconductor properties of

3D electronic dimensionality, visible-light bandgap of 1.3 eV, and

defect-tolerant [76]. In the initial exploration stage, the CuSbS2
and CuPbSbS3 were mainly applicated in the STE application of

thin-film solar cell and achieved phased research progress [76-

81]. Guided by the research experience of Ag, Cu, Zn-based MMS

photocatalysts and appropriate semiconductor properties of CuSbS2
and CuPbSbS3, great research efforts have been made to take them

in the application of photocatalysis since 2020 (the first photocat-

alytic application report of CuSbS2 in PHE [82]).

In parallel with the increasing researches on MS photocata-

lysts, along with the arising of CuSbS2 and CuPbSbS3, several re-

views have focused on the photocatalytic applications. Typically,

Zhu et al. summarized the MS photocatalysts developed over the

past decade in the application of PHE, carbon dioxide reduction, ni-

trogen reduction, and PD on the pollutant removal, including CdS,

SnS2, Cu2S, and ZnIn2S4 [45]. Moreover, the recently highly con-

cerned MS photocatalysts of ZnIn2S4 has also been summarized by

several groups, focusing on comprehensive photocatalytic applica-

tions [66,83-87]. Despite impressive achievements have been real-

ized on these MS photocatalysts, a timely review focusing not only

the on the researching meaning of recently emerged CuSbS2 and

CuPbSbS3 but on the corresponding photocatalytic applications is

missing. In this review, a timely review of CuSbS2 and CuPbSbS3
photocatalysts in photocatalytic application is proposed. Specifi-

cally, the basic semiconductor properties of CuSbS2 and CuPbSbS3
are firstly introduced. Subsequently, the recent research progresses

of CuSbS2 and CuPbSbS3 in photocatalytic applications, including

PHE and PD, are summarized and discussed. Finally, the current

issues and future research routes of CuSbS2 and CuPbSbS3 in pho-

tocatalytic applications are presented.

2. Basic semiconductor properties of CuSbS2 and CuPbSbS3

2.1. Crystal structures

In the crystal structure of CuSbS2, the twisted Cu–S pentahedra

and Sb–S tetrahedra are mainly comprised, forming the 2D layer
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Fig. 2. (a) Crystal structure of CuSbS2 and the reconstructed of CuPbSbS3 after the incorporation of PbS. Band structures of (b) CuSbS2 and (c) CuPbSbS3. (d) Calculated

density of states and (e) intrinsic defects charge-state transition levels of CuPbSbS3. Copied with permission [76]. Copyright 2020, Elsevier.

crystal structure and orthorhombic system. The ordered cations of

Cu and Sb are intermixed through the ternary compound with an

ideal lattice (left part of Fig. 2a). Moreover, in each unit cell of

CuSbS2, the atom amounts of Cu, Sb, and S are 4, 4, and 8, re-

spectively (the cube in the left part of Fig. 2a), in which the co-

ordinated number of Cu and Sb surrounding the S atoms are 3

and 4 [70]. During the STE process, the electron clouds overlap

in each crystal layers can be prevented due to the feature of 2D

monolayered crystal structure, which allows efficient charge trans-

fer in the intra-layer manner. On the other hand, the obvious dis-

advantage of this structure is the blocking charge transfer along

the out-of-plane direction and low density of specific surface area

[88]. Guided by the concept of electronic dimensionality proposed

by Xiao et al., the promising semiconductor materials for the real-

ization of efficient STE is high electronic dimensionality (3D elec-

tronic dimensionality), in which the precondition is the 3D crystal

structure [89]. Specifically, the electronic dimensionality is intrin-

sically defined as the orbitals connectivity, which comprises the

CB minimum and VB maximum [89]. In this case, the bandgap,

isotropy, and thus electronic properties are strongly affected by

the electronic dimensionality. Up to now, several researches have

experimentally and theoretically proved that the high electronic

dimensionality (3D electronic dimensionality) provides the poten-

tial for high STE performance [76,90-92]. Typically, the mainstream

semiconductor materials in the STE application of photovoltaics

are not only crystallographically 3D but electronically 3D, like Si,

CdTe, GaAs, and Cu(In,Ga)Se2, and perovskite of CH3NH3PbI3 [93-

96]. Hence, the concept of electronic dimensionality commendably

accounts for the predicting and understanding of the optoelec-

tronic properties of semiconductor materials. Aiming to stable the

filled lone-pair s2 states, CuSbS2 tends to crystallize into 2D crystal

structures due to the structural distortion. Although promising re-

search progresses of CuSbS2 in STE application have been achieved,

especially in thin-film solar cell, the corresponding STE efficiency

is still lower than the mainstream semiconductor materials, result-

ing in the further exploration of advanced semiconductor materi-

als with electronically 3D. During the exploration process of per-

ovskite, especially the NH3CH3PbI3, various studies have proved

that the heavy post-transition metal of Pb possesses the feature

of less active lone pair states [95,97-106]. Therefore, the MS semi-

conductor materials, containing the Pb element, can easily crystal-

lize to the crystal structure of 3D rocksalt-type along with 6 co-

ordination number [88]. As expected, the layer crystal structure of

CuSbS2 can reconstructed to the 3D crystal structure of CuPbSbS3
after the incorporation of PbS (right part of Fig. 2a) [76].

2.2. Band structures

Theoretically, the bandgap of CuSbS2 is calculated to be 1.56 eV

of indirect (Fig. 2b), which is basic in agreement with the experi-

mental values [107]. Therefore, although the CuSbS2 can effectively

solved the high-cost issue of CuInS2, the intrinsic indirect bandgap
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Fig. 3. (a) Basic mechanisms of PHE and PD. Reproduced with permission [109]. Copyright 2020, Elsevier. (b) Charge migration and (c) bulk and surface recombination be-

haviors during the PHE process. Copied with permission [54]. Copyright 2024, Wiley Publishing Group. The development process of PD process: (d) conventional degradation,

(e) direct degradation, and (f) PD through photogenerated carriers’ injection. Reproduced with permission [110]. Copyright 2017, Springer Nature.

is not ideal for high-efficiency STE. For CuPbSbS3, the correspond-

ing bandgap is theoretical 1.29 eV by including the spin−orbit cou-

pling to eliminate the overestimation (Fig. 2c). Furthermore, the

experimental bandgap is also an essential factor to evaluate the

photocatalytic application potential of CuSbS2 and CuPbSbS3 pho-

tocatalyst. Experimentally, the bandgap of the semiconductor pho-

tocatalyst is generally estimated by the UV–vis spectrum, in which

the linear increase of light absorption with increasing energy is

the characteristic of semiconductor photocatalyst [108]. According

to the equation of Eg =1240/λg, in which the Eg is the value of

bandgap and λg is the optical absorption edge, the Eg of the di-

rect bandgap semiconductor can be basically estimated. Aiming

to achieve more accurate calculation, the Tauc plot equation of

(αhν)1/n =A(hν – Eg) (n=1/2 for direct; n=2 for indirect) can be

used to verify the Eg of both direct and indirect bandgap semicon-

ductors [108]. For valence band (VB) of CuPbSbS3, it mainly com-

poses of the orbitals of Cu 3d/Pb 6s/Sb 5s and S 3p with antibond-

ing states, whereas the CB is Cu 4s/Pb 6p/Sb 6p and S 3p orbitals

(Fig. 2d). As a result, the CuPbSbS3 possesses 3D electronic dimen-

sionality due to the reason that the VB and CB are contributed by

all atoms in it [76]. Therefore, CuPbSbS3 is expected to exhibit good

charge transfer properties due to the dispersive band edges caused

by the 3D electronic dimensionality. The theoretical point defects

charge-state transition levels of CuPbSbS3 are shown in Fig. 2e. Ob-

viously, the six dominant defects of VCu, Cui, VPb, CuPb, PbSb, and

SbPb have lower �Hf values, whereas the defects of VS, SPb, VSb

etc. have high �Hf values with deep states. Hence, in the bandgap

of CuPbSbS3, the deep states are absence and all the dominant de-

fects are shallow defects, indicating the defect-tolerant feature of

CuPbSbS3.

3. Basic mechanisms of PHE and PD

The basic mechanisms of PHE and PD are inductively illustrated

in Fig. 3a [109]. Holistically, the photocatalytic procedure mainly

includes three process: (i) Photogenerated carriers, including elec-

trons and holes, are formed after light irradiation on the semicon-

ductor photocatalyst; (ii) Part of the photogenerated electrons and

holes are recombined and others are migrated to the photocata-

lyst surface; (iii) Photogenerated electrons and holes on the sur-

face of the photocatalyst directly participate in reduction and oxi-

dation reactions, respectively. During the whole photocatalytic pro-

cess, there are several key points need to be considered. Firstly,

photogenerated electron−hole pairs are formed after the electrons

on the semiconductor VB transfer to the CB. Secondly, the CB or

VB potentials of the semiconductor photocatalyst need to locate

at the appropriate position, making it suitable for the correspond-

ing photocatalytic applications. Specifically, for the semiconductor

photocatalyst, the CB potential should be more negative than the

potential of hydrogen production (0 eV) or thermodynamic super-

oxide radical generation (–0.046 eV) (vs. NHE, pH 0). Similarly, the

VB potential should be more positive than the oxidation position

of the organics, like the dye, Rhodamine B (RhB), and antibiotics.

Moreover, the •OH radicals, an important role during the PD pro-

cess, are generally originated from two aspects of multistep reduc-

tion by photoelectrons and oxidization of water (OH–) by photo-

generated holes. Statistically, for the realization of efficient PD of

the semiconductor photocatalyst, the corresponding VB potential

should be more positive than 2.38 eV (vs. NHE, pH 0), which in-

volves the thermodynamic demand.

During the PHE process, the charges migration process is gen-

erally along with the bulk and surface recombination, which is af-

fected by the intrinsic properties of the semiconductor photocat-

alyst, typically crystallinity, micro size, crystal structure, and ac-

tive sites (Figs. 3b and c). The final PHE performance of the semi-

conductor photocatalysts greatly depend on the HER-participating

photogenerated electrons density, in which the precondition is the

effective hinderance of the charge recombination [66]. Therefore,

all effective optimization strategies should be taken to maximize

the density of HER-participating photogenerated electrons. For the

MS photocatalysts, the access to HER exploitation is easily allowed

due to the favorable energy band and capacity of light-harvesting.
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On the contrary, owing to the tendency for oxidizing the lattice S

ions of photogenerated holes (rather than water or oxygen split-

ting), the corresponding oxygen evolution reaction process of MS

photocatalysts is difficult to realize. In this case, several electron

donors (sacrificial reagent) are generally introduced to consume

the photogenerated holes to boost the HER, typically Na2S/Na2SO3,

lactic acid, and triethanolamine [54]. For the PD process, the in-

troduction of photocatalysts in the conventional degradation pro-

cess can greatly accelerate the degradation process (Figs. 3d and

e) [110]. Specifically, compared with the conventional degradation

process in the absence of photocatalyst, the electrons in the semi-

conductor photocatalysts can be injected by the excited dye under

the light irradiation, forming the oxidized radial cation of Dye+• (2i
in Fig. 3e). At the same time, the process of photocathodic sensi-

tization can form the reduced radical dye (Dye−•) (2ii in Fig. 3e).

The final PD performance greatly depends on the chemical force

between the redox potential and degradation photocatalyst of the

dye. As shown in 3i and 3ii in Fig. 3f, the radical intermediate

species can be generated by the chemical reaction of photogen-

erated electrons and holes, in which the dyes (organics) can be

effectively degraded (3iii–3vi in Fig. 3f). In this process, the de-

graded organic component, mainly including H+, OH−, and H2O,

are absorbed on the surface of the photocatalyst, and the final

degradation rate is mainly determined by the corresponding ab-

sorption density. Among the chemical reaction of 3i−3vi, the en-

hancement of charge life time or carriers’ density in one of the

parts can also effectively enhance the PD rate, which is similar to

the optimization route of PHE. Therefore, for the realization of ef-

ficient PHE or PD, the selection of the semiconductor photocatalyst

is an important precondition, which highlights the material evolu-

tion of CuSbS2 and CuPbSbS3.

4. PHE and PD applications of CuSbS2 and CuPbSbS3

4.1. CuSbS2

4.1.1. Initial application of CuSbS2 photocatalyst in photocatalysis

In 2020, Sarilmaz et al. synthesized the CuSbS2 photocatalyst

with different shapes through a facile hot-injection method and

applicated in PHE [82], which pioneered the STE application of

CuSbS2 in photocatalysis. Specifically, the morphology of synthe-

sized CuSbS2 photocatalyst, characterized by the scanning electron

microscopy (SEM) and elemental dispersive X-ray (EDX) analysis,

has two shapes of rod (R-CuSbS2) and dot (D-CuSbS2) (Figs. 4a

and b) and the structural shapes effects of them on PHE perfor-

mance are investigated. The results showed that the hydrogen pro-

duction rate of CuSbS2 photocatalyst was effectively promoted by

tuning the corresponding shapes due to the optimized CB poten-

tials of R-CuSbS2 or D-CuSbS2, which are more negative than the

hydrogen production potential (Fig. 4c). Moreover, the correspond-

ing PHE rates were measured to be R-CuSbS2 > D-CuSbS2 owing

to the more efficient charge separation of 1D microrod catalysts.

Therefore, this work not only pioneered the CuSbS2 in the applica-

tion of photocatalysis but provide an efficient path to optimize the

corresponding physicochemical property.

4.1.2. CuSbS2-based photocatalysts with further optimization

In addition to the shape tuning method mentioned above, other

optimization strategies of semiconductor photocatalyst have also

been established. Guided by the deeper explored MS photocat-

alysts, like CdS, MoS2, AgIn5S8, CuInS2, ZnIn2S4, and Cu2ZnSnS4
(CZTS), the corresponding optimization strategies mainly include

the controlling of morphology and structure, doping by the trace

element (less than 1%), introduction of vacancies (a certain amount

of point defects), Schottky junction formation through cocatalyst

loading (generally noble-metal cocatalyst), and heterojunction con-

struction [66,111]. Among these optimization strategies, the hetero-

junction construction, composed of two or more than two semi-

conductor photocatalysts, has been proved to be the most effec-

tive path due to the enhanced charge separation efficiency in the

interface [54,112-115]. Guided by this, researchers have also at-

tempted to improve the photocatalytic activity of CuSbS2 pho-

tocatalyst through the construction of CuSbS2-based heterojunc-

tion. Typically, Wang et al. recently designed an efficient strat-

egy by adjusting the band alignment to enhance the photocat-

alytic activity of CuSbS2 photocatalyst, specifically in both PHE

and PD [116]. The authors synthesized the CuSbS2-based hetero-

junction photocatalyst of CuSbS2/CdS/ZnO through a three-step ir-

radiation process by the microwave (Fig. 4d), aiming to demon-

strate the energy band structure influence on photocatalytic activ-

ity. On the basis of the heterojunction construction of CuSbS2/ZnO,

the introduction of CdS can further regulate the band alignment

to translate the “cliff-like” CB of CuSbS2/ZnO to the “spike-like”

(Fig. 4e), which greatly hinders the charge recombination and re-

alizes a full degradation of RhB after 80min under the simula-

tion solar light. Moreover, the change of the charge transfer mech-

anism transformation can raise the photogenerated electrons en-

ergy level, making the CuSbS2/CdS/ZnO with a certain PHE ca-

pacity of 42.37 μmol g−1 h−1. Therefore, this work not only re-

alized a deeper exploration of CuSbS2 photocatalyst through the

heterojunction construction but broaden the corresponding photo-

catalytic application from PHE to PD.

In consideration of the early-exploration of CuSbS2 in photocat-

alytic application and positive effects of heterojunction construc-

tion, the heterojunction photocatalysts based on CuSbS2 in the ap-

plication of photocatalytic, especially in the RhB degradation, have

also been reported. Representatively, Zhi et al. constructed the Z-

scheme heterojunction photocatalyst of CuSbS2/ZnO by a two-step

microwave irradiation method, in which the ZnO nanosheets are

compounded with CuSbS2 tetragonal particles aggregate. In this

heterojunction structure, the light absorption efficient and spe-

cific surface area can be both optimized by tuning the ZnO con-

centration [117]. In the PD process, the degradation efficiency of

RhB reached 100% after 120min due to the low charge transfer

impedance, high absorbency, and hindered charge recombination.

Combining the theoretical calculation and experimental character-

ization, the authors have demonstrated that the photogenerated

electrons can only participate the HER at a lower CB than the

O2/O2
−• couple potential (CB of CuSbS2) and photogenerated holes

at higher VB than the H2O/HO
• couples potential (VB of ZnO) (Fig.

4f). Therefore, this work provided a CuSbS2-based Z-scheme het-

erojunction photocatalyst for the organic pollution treatment strat-

egy. Similarly, the authors have also attempted to construct the

type-II heterojunction photocatalyst of CuSbS2/TiO2 and realized a

preliminary degradation of RhB (Fig. 4g) [118].

4.1.3. Summary of CuSbS2 in photocatalytic applications

Combining with the corresponding research progress, it is obvi-

ous that the semiconductor photocatalyst of CuSbS2 has realized

the lower synthesis cost of MMS photocatalysts almost without

any loss of the photocatalytic performance. Nevertheless, the in-

direct bandgap and layer structure of CuSbS2 leads to the blocking

of active sites and relative low charge transfer efficiency, which is

harmful for the realization of high-efficiency photocatalytic perfor-

mance to some extent. Although the issues can be overcome by

the controlling of morphology and construction of heterojunction,

which have been realized by the above-mentioned works, the in-

herent drawbacks of CuSbS2 still limits the further groundbreaking

progresses in the photocatalysis field. Thus, more advanced MMS

photocatalyst based on the CuSbS2 prototype is rising to be ex-

plored, aiming to further promote the photocatalytic application.
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Fig. 4. (a) SEM and (b) EDX images of R-CuSbS2 and D-CuSbS2. (c) Proposed PHE mechanism of CuSbS2 photocatalyst with different shapes. Copied with permission [82].

Copyright 2020, Elsevier. (d) Synthesis process and (e) band structure and charge migration mechanism of CuSbS2/CdS/ZnO heterojunction photocatalyst. Copied with per-

mission [116]. Copyright 2023, Elsever. Proposed mechanism of CuSbS2-based heterojunction photocatalyst in PD of RhB: (f) CuSbS2/ZnO and (g) CuSbS2/TiO2. Copied with

permission [117]. Copyright 2022, Wiley Publishing Group. Copied with permission [118]. Copyright 2020, Springer.

4.2. CuPbSbS3

4.2.1. Exploration of CuPbSbS3 in STE applications

After the incorporation of PbS, the CuSbS2 with layer crystal

structure and indirect bandgap can be restored to the bournon-

ite CuPbSbS3 with 3D crystal structure and direct bandgap, which

possesses better semiconductor properties to realize higher photo-

catalytic performance. Innovatively, Frumar et al. (1973) firstly ex-

plored the crystal structure and powder fabrication of CuPbSbS3
[119], which highlighted the STE application of it. Until recent

years, researchers have attempted to take the CuPbSbS3 in the ap-

plication of thin-film photovoltaics by the combination of theo-

retical and experimental studies and achieved promising progress

[76,120-123]. As one of the deeper-explored Cu-based MMS semi-

conductor material, the CZTS have also been widely studied in the

field of thin-film photovoltaics, aiming to decrease the fabrication

cost of Cu(In,Ga)(S,Se)2 [93,124-132]. With the deepening of the

studies, researchers found that the CZTS is not only suitable for

the application of thin-film photovoltaics but also for photocatal-

ysis due to the appropriate semiconductor properties, like 1.5 eV

direct bandgap, sparse band structure, and high absorption coef-

ficient [133]. As expected, CZTS-based photocatalysts have realized

promising progresses in photocatalytic applications of PHE, PD, and

photoelectrocatalysis [134-141]. In view of the excellent semicon-

ductor properties of CuPbSbS3 and the application expansion of

CZTS from thin-film photovoltaics to photocatalysis, the CuPbSbS3
semiconductor materials also holds great potential to achieve ef-

ficient photocatalytic applications, in which the key factor is the

fabrication of CuPbSbS3 photocatalyst.

4.2.2. Initial application of CuPbSbS3 photocatalyst in photocatalysis

In 2022, our group synthesized the CuPbSbS3 photocatalyst

with the morphology of nanoflakes through a facile butyldithio-

carbamate acid (BDCA) solution process [142], in which the BDCA
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Fig. 5. (a) Fabrication process of CuPbSbS3 nanoflakes through the BDCA solution method. (b) PHE rate and (c) the corresponding charge transfer mechanism of CuPbSbS3
photocatalyst during the PHE process. (d−i) Theoritical hydrogen adorption energetics investigation on CuPbSbS3 slab. Copied with permission [142]. Copyright 2022, Elsevier.

solution is a kind of mercapto acid production by the chemical

reaction between n-butylamine and carbon disulfide [143]. In the

room temperature, the BDCA solution can dissolve various kinds of

metal oxides and metal hydroxide, forming the metal-sulfur-based

precursor solution [143]. As shown in Fig. 5a, after dissolving the

Cu2O, PbO, and Sb2O3 in BDCA solution and mix them at a cer-

tain molar ratio, the CuPbSbS3 can be obtained. After the subse-

quent drying and annealing process, the CuPbSbS3 photocatalyst is

finally synthesized. Under the simulated solar light irradiation, the

PHE rate of CuPbSbS3 photocatalyst was 250.8 μmol g−1 h−1, which

is comparable with some mature MMS under the same measure-

ment condition, like CuInS2 or ZnIn2S4 (Fig. 5b). According to the

XPS valence band and UV–vis characterizations, the corresponding

band potentials and charge transfer behaviors have also been pro-

posed (Fig. 5c). Obviously, the negative band potential of CuPbSbS3
reflect the strong HER driving force, which highlights the great

PHE application potential of it. The promising PHE performance of

CuPbSbS3 photocatalyst was also confirmed by the density func-

tional theory (DFT) calculations. Specifically, the lattice constants

of CuPbSbS3, calculated by the VASP, are a=7.91 Å, b=8.22 Å, and

c=8.71 Å, which are basically in agreement with the reported ex-

perimental values of a=7.81 Å, b=8.15 Å, and c=8.70 Å (Fig. 5d).

According to the characterization of high-resolution transmission

electron microscopy (HRTEM), the exposed crystal plane of BDCA-

synthesized CuPbSbS3 photocatalyst is (002) and the correspond-

ing S1−S11 absorption sites are shown in Figs. 5e and f. Moreover,

the hydrogen adsorption configurations of S1 and S11 are shown in

Figs. 5g and h. Based on the Gibbs-free energy of the adsorption of

hydrogen atom (�GH
∗) of S1−S11 (Fig. 5i), calculated by the DFT,

the efficient PHE performance of CuPbSbS3 photocatalyst was di-

rectly proved. Specifically, on the exposed (002) facet of CuPbSbS3
nanoflakes, the unsaturated sulfur sites with nearly thermo-neutral

�GH
∗ are beneficial to adsorb and release hydrogen molecules, re-

sulting in the finally efficient hydrogen production rate. Therefore,

this work not only realized the synthesis of CuPbSbS3 photocata-

lyst and applicated in photocatalysis but provided a clear research

and analysis route.

4.2.3. CuPbSbS3-based photocatalysts with further optimization

Similar to the development tendency of CuSbS2, it also needs

to adopt efficient strategies to improve the charge separation

efficiency of CuPbSbS3, aiming to enhance the photocatalytic

performance. Recently, our group has successfully designed the

BiTiO3/CuPbSbS3 heterostructure photocatalyst and realized the ef-

ficient piezo-photocatalytic degradation of RhB, which not only

greatly enhanced the charge separation of bare CuPbSbS3 but suc-

cessfully broaden the photocatalytic application of CuPbSbS3 from

PHE to PD [144]. Concretely, the ferroelectric materials, with the
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Fig. 6. (a) Fabrication process, (b) proposed mechanism, and (c) band structure of PD of RhB of BiTiO3/CuPbSbS3 photocatalyst. Copied with permission [144]. Copyright

2024, Elsevier.

structure feature of non-centrally symmetric, possess the unique

property of spontaneous polarization. At the same time, the cor-

responding polarization direction can be reversed by the mechani-

cal force or external electric field [145-152]. Typically, the BiTiO3

with perovskite structure has achieved the most promising re-

search progress in the exploration of ferroelectric materials due to

its unique feature of natural piezoelectric and pyroelectric [153-

157]. By tuning the mechanical force or temperature at the junc-

tion interface of the BiTiO3-based heterostructure, the synergistic

effect between BiTiO3 and semiconductor photocatalysts can real-

ize the enhancement of charges optoelectronic process. Specifically,

the spontaneous polarizations of BiTiO3 can generate an internal

built-in electric field and thus provide an effective route for the

construction with semiconductor photocatalyst with piezo/pyro-

photoelectron effect, which has been demonstrated by the rep-

resentative heterostructures of BaTiO3/TiO2 [158], BaTiO3/MoO3

[159], BaTiO3/Ag2O [160], and BaTiO3/C [155]. Taking the con-

sideration of the unique semiconductor properties of CuPbSbS3,

it is speculated that the heterostructure of BaTiO3/CuPbSbS3 can

also achieve a promising photocatalytic performance. As shown

in Fig. 6a, on the basis of the BDCA-synthesized CuPbSbS3, the

BiTiO3/CuPbSbS3 heterostructure photocatalyst was further ob-

tained through a conventional hydrothermal process. Based on the

characterization of SEM and TEM, the CuPbSbS3 nanoflakes tightly

attach on the surface of BiTiO3 nanorods, which is visually ex-

hibited in the dashed ellipse Fig. 6a. In the heterostructure of

BiTiO3/CuPbSbS3, the synergistic effect between the piezoelectric-

ity feature of BiTiO3 and semiconductor properties of CuPbSbS3
can greatly improve the degradation-participating photogenerated

holes density. Specifically, as shown in Figs. 6b and c, in the het-

erostructure of BiTiO3/CuPbSbS3, the BiTiO3 can generate a piezo-

electric field under the ultrasound, which is tending to perpendicu-

lar to the BiTiO3 direction. Therefore, the photogenerated electrons

and holes in CuPbSbS3 can be effectively separated into opposite

directions. Specifically, during the PD process, the reaction between

the free charges and environment media can generate four ma-

jor reactive oxygen species, namely hydroxyl radicals (•OH), hy-

drogen peroxide (H2O2), superoxide anion radical (•O2−), and sin-

glet oxygen (1O2) [161,162]. The corresponding PD reactions can be

concluded as: •O2− + e− +2H+ →H2O2; H2O2 + e− →OH− + •OH.

Among them, the 1O2 possesses extremely short lifetime, which

is the excited state of O2. Therefore, the
1O2 is generally absent

in any PD reaction due to the easy quench [163]. In this case, the

high density photogenerated holes, along with the •OH and •O2
–

directly participate in RhB degradation. Finally, under the further

simulated solar light irradiation, the piezo-photocatalytic degrada-
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Fig. 7. The development tendency of Cu-based MMS photocatalysts: CuInS2 →CuSbS2 →CuPbSbS3.

tion rate of RhB by BiTiO3/CuPbSbS3 heterostructure photocatalyst

reached nearly 90.56% in only 0.5 h, along with a promising k value

of 9.33×10−2 min−1.

4.2.4. Summary of CuPbSbS3 in photocatalytic applications

Promisingly, after incorporating the PbS into CuSbS2, the re-

stored photocatalyst of bournonite CuPbSbS3 exhibits more excel-

lent semiconductor properties, especially the direct bandgap, 3D

crystal structure, and high electronic dimensionality, which can

realize higher charge transfer efficiency and provide more active

surface, and thus promote the final photocatalytic performance.

Especially, the band width and isotropy of semiconductor photo-

catalyst can be strongly affected by the electronic dimensional-

ity. Several representative researches have theoretically and exper-

imentally proved that the high electronic dimensionality provides

the opportunity to realize high-efficiency STE (although not guar-

anteeing) [76,89,99]. As expected, the photocatalyst of CuPbSbS3
with excellent semiconductor features has preliminarily exhibited

promising performance in photocatalysis, no matter in PHE or PD.

However, the inherent drawback of CuPbSbS3 is the existence of

toxic Pb, which hinders the large-scale photocatalysis applications

of it. In addition to the reported optimization strategies of mature

MMS photocatalysts, like the controlling of the morphology and

construction of heterojunction, future researches also need to fo-

cus on attempting other non-toxic element for the replacement of

Pb without the loss of the semiconductor properties of CuPbSbS3,

which can further promote the development of MMS photocata-

lysts.

5. Discussion and outlooks

CuSbS2 and CuPbSbS3 are promising semiconductor materials

in the application of photocatalysis. CuSbS2 can significantly de-

crease the fabrication cost of CuInS2 without the loss of semicon-

ductor properties. Furthermore, bournonite CuPbSbS3, the deriva-

tive of CuSbS2, possesses more excellent semiconductor properties

of 3D electronic dimensionality and defect-tolerant, which have

greater potential to realize the efficient STE. Similar to the develop-

ment in thin-film photovoltaics, CuSbS2 and CuPbSbS3-based pho-

tocatalysts have also been explored in photocatalytic applications

of PHE and PD (Fig. 7 and Table S1 in Supporting information).

Herein, the recent advances of CuSbS2 and CuPbSbS3-based photo-

catalysts for photocatalytic applications is timely reviewed, includ-

ing the semiconductor properties of CuSbS2 and CuPbSbS3, basic

mechanisms of PHE and PD, groundbreaking photocatalytic appli-

cation of CuSbS2 and CuPbSbS3, and further photocatalytic perfor-

mance optimization through heterojunction construction. However,

compared with the mature MS photocatalysts, the corresponding

explorations of CuSbS2 and CuPbSbS3 photocatalysts are still in

the initial research stage. It still remains great space for the pho-

tocatalytic performance improvement based on the CuSbS2 and

CuPbSbS3 photocatalysts and the understanding of the correspond-

ing mechanisms. Moreover, some drawbacks and challenges of

CuSbS2 and CuPbSbS3 photocatalysts in the current research stage

also need to be considered. Specifically, CuSbS2 and CuPbSbS3 pho-

tocatalysts inevitably suffer from the photocorrosion phenomenon,

which is also a general issue of MS photocatalysts. During the pho-

tocatalytic process, the photogenerated holes are easily combined

with the S2− under the light irradiation, resulting in the S2− ox-

idized to sulfur [56]. As a result, the photostability is weakened

due to the photocorrosion phenomenon. To date, several efficient

strategies have been adopted to inhibit the photocorrosion phe-

nomenon and thus enhance the photostability [26,45], mainly in-

cluding combining passive metal on the surface of photocatalysts

through loading, covering, and decorating; isolating the photocata-

lyst from the electrolyte through surface modification with carbon-

based material, metal oxide, and polymer; and tuning the band en-

ergy by element doping. Another issue needs to be considered is

the weak oxidizability. CuSbS2 and CuPbSbS3 photocatalysts have

experimentally proved to own strong HER driving force due to the

negative CB potential. Nevertheless, the negative VB potential leads

to the weak oxidizability of photogenerated holes due to the nar-

row bandgap [54]. Current challenges and future research routes

of CuSbS2 and CuPbSbS3-based photocatalysts mainly includes the

followings:

(i) Controlling the morphology and design multifarious struc-

tures. For the semiconductor photocatalyst, the photocat-

alytic properties are not only determined by the species but

by the morphologies and structures [164,165]. The strate-

gies of controlling the morphology and design multifarious

structures can provide larger specific surface area, which can

supply more reaction active sites (Fig. 8). Meanwhile, the

photogenerated charges separation can be boosted by reduc-

ing the gain size according to the equation of τ = r2/π2D, in
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Fig. 8. Exhibition of several representative morphologies and structures of the re-

ported MMS photocatalysts.

which τ is the carriers’ diffusion time from bulk to surface

of the semiconductor photocatalyst, r is the radius of the

gain, and D is the diffusion coefficient. Therefore, a higher

surface-to-volume (STV) ratio can realize an enhanced pho-

tocatalytic performance, which have been proved by various

photocatalysts, typically WO3, Bi2MoO6, g-C3N4, CdS, CuInS2,

and ZnIn2S4. Notably, the currently synthesized CuSbS2 and

CuPbSbS3 photocatalysts only contains vary limited mor-

phologies of rods, dots, tetragonal particles, and nanoflakes

due to the early-development stage. Referring to the deeper-

explored photocatalysts, the diverse morphologies and struc-

tures need to be further focused, like the morphologies

of nanowires, nanotubes, nanosheets, nanoflowers, covalent-

organic framework (COF), microsphere, and nanoribbons;

and the structures of core−shell, metal-organic framework

(MOF), hollow structure, and quantum dots (QDs) [65-67].

Representatively, nanotubes own high STV ratio and better

structure for higher light absorption efficiency [166]; hol-

low structure generally possesses rich surface active sites

[167]; nanoflowers can significantly enhance the surface area

[168]; nanosheets, especially the ultrathin nanosheets, can

greatly enhance the separation efficiency of photogenerated

electrons and holes, along with the low resistance and large

surface [169,170]; and microspheres possess higher charge

separation efficiency along with a reduced bandgap [171].

Especially, the semiconductor with a uniform nanocrystal

distribution and crystal sizes of 2−10nm is defined as

QDs with the excellent semiconductor properties of size-

dependent electronic performance, extended light absorp-

tion range, and quantum confinement effect, which is highly

attracted in the current research of photocatalyst [172-178].

At the same time, by tuning the QD size, the bandgap of

the QDs semiconductor can be optimized, and thus enhance

the driving force of the charge transfer and the final photo-

catalytic performance. Moreover, the charge migration out-

side the QDs boundary also benefits from the quantum con-

finement effect of QDs. Therefore, the controlling of mor-

phology and design of multifarious structures are great se-

lective to improve the photocatalytic performance of semi-

conductor photocatalysts. In addition to broaden the mor-

phologies and structures, the deep analysis of the charge

Fig. 9. Mechanism illustration of (a) point defects, (b) loading of cocatalysts, and

(c) formation of Schottky junction.

transfer behaviors, thermal and mechanical stabilities, and

photocatalytic mechanisms of the diverse morphologies and

advanced structures are also important factors need to be

improved, which are greatly meaningful for the broadened

photocatalytic application of CuSbS2 and CuPbSbS3.

(ii) Introductions of vacancies. In the research field of STE, the

vacancies in semiconductor photocatalysts are universally

referred to “point defects” [179-182]. In general, the defects

in semiconductor materials are regarded as the negative fac-

tor on the photocatalytic activity. The high-density defects

can act as the recombination center and thus leads to the

photogenerated charges recombination and decreased pho-

tocatalytic performance (Fig. 9a). However, after the opti-

mization process, the defects with appropriate amount can

be turned to take the positive effect on addressing the bar-

rier of photocatalytic applications. Specifically, the optimal

point defects (vacancies) in semiconductor photocatalyst can

play the regulating functions for the photoelectrochemical

and physicochemical features [183-185], resulting in the pos-

itive effects of accelerating photogenerated charges migra-

tion, improving surface active sites, and optimize the elec-

tronic band structure, which have been proved in the state-

of-the-art photocatalysts. Nevertheless, the optimization of

CuSbS2 and CuPbSbS3 photocatalysts through the vacancies

has been rarely reported. Owing to the semiconductor prop-

erties of CuSbS2 and CuPbSbS3, especially the defect-tolerant

property of CuPbSbS3, it is greatly urgent to enhance the

photocatalytic performance of CuSbS2 and CuPbSbS3 through

the introduction of vacancies. In addition, the distribution of

the concentration, generation process, deeper understanding

of the fundamental functions, and existence state of the va-

cancies in CuSbS2 and CuPbSbS3 need to be further revealed

to maximize the positive effects of the introduction of the

vacancies.

(iii) Construction of advanced heterojunction. The construction

of advanced CuSbS2- and CuPbSbS3-based heterojunction

photocatalysts takes remarkable enhancement in improving

charge separation efficiency and accelerating carriers’ migra-

tion. During the exploration stage of MMS photocatalysts,

the developed heterojunction types mainly include type-I,
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Fig. 10. Charge migration behaviors of the heterojunction types of (a) type-I, (b) type-II, (c) p-n, (d) Z-scheme without the electron mediator, and (e) Z-scheme with electron

mediator. (f-h) Formation process of S-scheme heterojunction. Copied with permission [54]. Copyright 2024, Wiley Publishing Group.

type-II, p-n, Schottky, Z-scheme, and S-scheme heterojunc-

tions (Figs. 9b and c, and 10) [19,24,112]. Interestingly, the

typical BMS of MoS2 is generally regarded as a kind of highly

active photocatalyst due to the high catalytic surface and

light absorption, which has also been proved in several rep-

resentative studies [186-189]. Theoretically, compared with

the later-explored MMS, MoS2 possesses better potential

and is more possible to achieve efficient photocatalytic per-

formance through heterojunction construction. Practically,

the experimentally synthesized MoS2 photocatalyst is eas-

ily overlapped due to the stack layer or irregular aggregates

of MoS2 nanostructures. Moreover, the conductivity and ac-

tive sites of MoS2 photocatalyst are extremely difficult to

precisely tune due to the presence of 1T’ and 2H phases

[63]. Although these issues can be solved by the synthe-

sis of “monolayer MoS2” [190], the corresponding technique

difficulty and fabrication complexity are greatly increased.

Therefore, compared with the mature BMS of MoS2, the het-

erojunction construction based on MMS semiconductor ma-

terials has been paid more research attention. Up to now,

the explored CuSbS2- and CuPbSbS3-based heterojunction

photocatalysts mainly includes the types of type-I, type-II,

and Z-scheme, which are also clearly exhibited in Figs. 4 and

6. Especially, the recently developed Z-scheme and S-scheme

heterojunction have high-efficient charge separation and

can effectively preserve the photogenerated electrons with
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strong reducibility and the photogenerated holes with strong

oxidizability, which is beneficial to realize the efficient pho-

tocatalytic performance [191-197]. Moreover, the Schottky

junction, composed of one semiconductor photocatalyst and

one metal-like material, can form a unique space-charge-

separation region, which can also effectively promote the

charge separation and migration [198]. The construction of

Schottky junction with lower Fermi level (EF) makes it eas-

ier for the photogenerated electrons migrate from the CB of

the semiconductor photocatalyst from the metal-like mate-

rial and directly participate in HER. In this case, the final

PHE performance can be greatly enhanced due to the accel-

eration of the charge migration and prevention of photogen-

erated carriers’ recombination. Therefore, further researches

of CuSbS2- and CuPbSbS3-based heterojunction photocata-

lysts are still required and can be focused on the follow-

ing aspects: constructing CuSbS2 or CuPbSbS3 with newly

explored semiconductor materials with suitable band align-

ment, promising photoelectric and physicochemical proper-

ties; establishing the photogenerated charges transfer, mi-

gration, trapping, and recombination models through more

powerful calculation and characterization methods (like in-

situ characterization or machine learning) due to the im-

portance of the dynamics of photogenerated charges during

the photocatalytic process; and establishing more economi-

cal and facile experimental conditions to construct CuSbS2-

and CuPbSbS3-based heterojunction photocatalysts through

the advanced nanotechnology.

(iv) Exploring advanced synthesis methods. In addition to the

photocatalysts of CuSbS2 and CuPbSbS3 mentioned in this

review, most of the deep-researched MMS photocatalysts

need to be synthesized under extra sulfur solution system.

The generally applicated extra sulfur are Na2S, thiourea,

and thioacetamide [54,66]. The using of the extra sulfur

not only increase the fabrication complexity but easily in-

troduce high density sulfur vacancies, which are harmful

for the final photocatalytic performance [61,183]. Moreover,

the MMS photocatalysts synthesized under the extra sul-

fur system generally exist the photocorrosion phenomenon

due to the unstable sulfur-based chemical bond adaptation

environment [56], leading to a poor photostability during

the photocatalytic process. Fortunately, these issues can be

overcome by developing the sulfur-rich solution synthesis

method to a certain extent, which can provide a relatively

stable sulfur-based chemical bond adaptation environment

and has been proved in several studies. Typically, the BDCA

solution with the unique sulfur-rich feature, can effectively

synthesize high-quality and stable MS photocatalyst with-

out the using of extra sulfur [143]. Specifically, during the

chemical reaction between n-butylamine (C4H11N) and car-

bon disulfide (CS2), one of the C=S double bonds in CS2
molecule is broken, forming the S=C−S− free radical. Then,

the BDCA molecule (C5H11NS2) can be formed due to the

bonding of N− and H− with the unsaturated C− and S−.

Therefore, due to the presence of thionothiolic acid group

(−CSSH), the BDCA possesses the unique feature of sulfur-

rich and can be ionized to the ions of H+ and C5H10NS2
−

by adding the buffer solutions, like ethanol or dimethylfor-

mamide, forming the sulfur-rich thionothiolic acid. At room

temperature, the sulfur-rich BDCA solution can easily dis-

solve several kinds of MOs or metal hydroxides, generat-

ing the organometallic complex of M(C5H10NS2)x and H2O.

Taking the further drying and annealing process, the extra

sulfur and H2O can be sublimated and the final MS pho-

tocatalyst with more stable M−S bonds and photostability

can be synthesized by the decomposition of M(C5H10NS2)x.

In addition to the BDCA-synthesized CuPbSbS3 (Fig. 5a), the

BDCA solution method has also successfully synthesized the

MS photocatalyst of CdS and realized high-efficiency PHE

performance without any cocatalyst and optimization strate-

gies. Excitingly, in addition to the high PHE rate of 7.294

mmol g−1 h−1, the hydrogen production emerges signif-

icance increasing during the long-time hydrogen produc-

tion test due to the sulfur-rich synthesis process and acti-

vation of the photocatalyst [61]. Therefore, the BDCA solu-

tion method can not only decrease the fabrication complex-

ity and decrease the extra sulfur vacancies but effectively

overcome the issue of photocorrosion phenomenon to a cer-

tain extent, which is meaningful for further fabrication of

advanced CuSbS2- and CuPbSbS3-based photocatalysts for ef-

ficient photocatalytic applications.

(v) In situ experimental characterization and deep theoreti-

cal calculations. Currently, the researches on CuSbS2 and

CuPbSbS3 photocatalysts mainly focus on the generally ex-

perimental synthesis and DFT calculations. On this basis,

deeper theoretical calculations, especially the machine learn-

ing, can further explore the chemistry spaces of the pho-

tocatalysts, which is meaningful to further design and ex-

plore advanced photocatalysts with excellent semiconductor

properties [199]. As the pioneered photocatalyst, the TiO2 is

still widely researched in the current stage due to the earth-

abundant and strong photostability. Typically, for the con-

struction of TiO2-based photocatalysts in PHE application,

the accurate identification of the molecules on the surface

of TiO2 is the key factor. Representatively, this scientific topic

has been performed by the machine learning of the dynamic

simulation of the molecular, rather than the general calcula-

tion method of DFT [200]. In this dynamic simulation, the

atomic energies of TiO2, water, and TiO2/water interface was

predicted by the deep learning neural networks, which can

effectively predict the atomic energies in the clusters. In this

regard, the deep theoretical calculation of machine learn-

ing of the photocatalyst of TiO2 in water splitting provide

a meaningful research guidance of CuSbS2 and CuPbSbS3 in

the photocatalytic applications. In another aspects, for vari-

ous designed photocatalysts with modification strategies, the

corresponding charge migration behaviors are not strictly

proved due to the lack of in situ characterizations. Therefore,

on the basis of machine learning, the accurate demonstra-

tion of improved photocatalytic activity through controlling

the morphology and design multifarious structures, intro-

ductions of vacancies, and construction of heterojunctions,

corresponding charge migration behaviors, and scientific de-

sign route will be deeper understood thought in situ charac-

terizations [201-203].

(vi) Controlling of the reactive sites. For the photocatalytic pro-

cess, the investigation of the morphology/structure-activity

relationships between the reactive sites and the photocat-

alytic performance is greatly important. The sufficient reac-

tive sites can be provided by controlling the experimental

condition to tune the morphology or structure of the pho-

tocatalysts, resulting in the enhancement of the photocat-

alytic performance [204]. With reference to the reactive sites

of MoS2, the corresponding atomic structures of reactive

sites of crystalline MoS2 have been deeply researched. How-

ever, due to the diverse atomic structures of reactive sites

in amorphous MoS2, the corresponding HER mechanisms are

still controversial. In this case, Hu et al. made a clear sum-

marization of various HER mechanisms of amorphous MoS2,

surrounding the nature of reactive sites of them [205]. The

corresponding nature of reactive sites mainly includes the

identification and modification of sulfur atoms, and identi-
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fication and coordination structure of Mo atoms. Similarly,

Wang et al. realized the swapping of reactive sites from

cationic Ni to anionic S in the hierarchical structure photo-

catalyst of NiS2/NiS2-NiS (NiS2 nanoflowers grown on dual-

phased NiS2-NiS foam) [206], demonstrating the remarkably

antidromic electron transfer from the reactive site of Ni to S.

In this case, the adsorption of hydrogen species is effectively

relieved and higher intrinsic activity at the reactive site of S

over Ni is also endowed. Moreover, the reactive sties engi-

neering in the heterostructure and single atoms catalysts in

photocatalytic application, especially in PHE, have also been

deeply studied [207,208]. Therefore, based on the above re-

searches, future researches of CuSbS2- and CuPbSbS3-based

photocatalysts can also focus on the engineering of the reac-

tive sites, aiming to further realize the enhancement of the

photocatalytic performance.

In addition to the modification strategies mentioned above,

some recently explored methods and reported reviews are highly

meaningful for further development of CuSbS2- and CuPbSbS3-

based photocatalysts in the aspect of the significance of sulfur.

Representatively, Li et al. designed the electrocatalyst of CN@NiCoS

(nickel-cobalt sulfides heterostructure with nitrogen-doped carbon

shell) and clearly identified the corresponding sulfur migration,

aiming to overcome the activity-stability trade-offs in MS cata-

lysts [209]. At the heterointerface of Ni3S2-Co9S8, the sulfur mi-

gration can be greatly stimulated due to the creation of the sul-

fur vacancies. At the same time, the CN shell can directly cap-

ture the migrated sulfur atoms via the strong C−S bond, which

effectively avoids the dissolution of sulfide into the alkaline elec-

trolyte. Therefore, in the aspect of the significance of sulfur, this

work provides an advanced design concept of HER electrocata-

lyst through interfacial atomic migration engineering. Similarly, Cai

et al. designed the MoS2/MS heterostructure via the metal-sulfur

bond and took it into the application of photocatalytic CO2 reduc-

tion [210]. Especially in the MoS2/In2S3 heterostructure, both MoS2
and In2S3 exhibited the same lamellar morphology, resulting in a

high specific surface area and favorable environment for the for-

mation of build-in electric field. Moreover, the excitement of the

carriers can be also promoted due to the small gap between VB

minimum and EF in the MoS2/In2S3 heterostructure, and thus syn-

thetically enhance the photocatalytic CO2 reduction performance.

Also, in the field of photocatalytic CO2 reduction, the Co-based co-

catalysts for the enhancement of the photocatalytic performance

was also systematically summarized [211]. Hence, the above ad-

vanced researches provide clear directions for the further design of

CuSbS2- and CuPbSbS3-based photocatalysts. Meanwhile, the sci-

entific research route of CuSbS2- and CuPbSbS3-based photocata-

lysts can also refer to the hot research photocatalysts in the current

stage, like COF, MOF, and g-C3N4. For these hot research photocat-

alysts, the corresponding advanced modification strategies gener-

ally contain amorphous single atom or diatomic loading [212-216],

van der Waals heterojunction [217-220], microenvironment regu-

lation [221], and spin state regulation [222,223], which have suc-

cessfully and effectively enhanced the photocatalytic performance

of COF, MOF, and g-C3N4 in the photocatalytic applications of hy-

drogen production, pollution degradation, carbon dioxide reduc-

tion, nitrogen fixation, and oxygen reduction. Moreover, the strat-

egy combination of amorphous 2D layered structure with others

also take great positive effects on the photocatalytic performance

enhancement of COF, MOF, and g-C3N4 photocatalysts. Typically,

the amorphous 2D layered structure with van der Waals hetero-

junction construction possesses the unique merits of the follow-

ings [219]: (i) Effective interactions and wide interface area with

the “face to face” contact type; (ii) tunable bandgap of 2D struc-

ture with broaden light absorption range; (iii) hindered charge re-

combination and enhanced carriers’ migration between the amor-

phous 2D layers; (iv) appropriate electronic coupling between the

2D layers with optimized electronic band structure. For the pho-

tocatalysts with amorphous 2D layered structure, apart from the

combination of van der Waals heterojunction construction, other

combined strategies have also taken the positive effects on the

photocatalytic performance enhancement of COF, MOF, and g-C3N4

photocatalysts. Hence, the research experience of mature photocat-

alysts of COF, MOF, and g-C3N4 is also beneficial for the future re-

searches of CuSbS2 and CuPbSbS3 photocatalysts, aiming to realize

further improvement of photocatalytic applications.

In summary, CuSbS2 and its derivative of CuPbSbS3 are earth-

abundant and stable semiconductor materials and exhibit promis-

ing photoelectric and semiconductor properties, indicating great

potential for STE applications. The PHE and PD applications have

been preliminarily explored based on the photocatalysts of CuSbS2
and CuPbSbS3 and achieved promising progresses and excellent

photocatalytic performance, revealing the great application poten-

tial of CuSbS2 and CuPbSbS3 photocatalysts. It is expected that the

future researches will achieve groundbreakings with respect to the

photocatalytic performance. With the deepening of future research,

CuSbS2 and its derivative of CuPbSbS3 are expected to hot topics in

case of photocatalytic techniques.
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