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ABSTRACT

Metal sulfides are promising photocatalysts in virtue of inherent photoelectric properties and wide light ab- sorption range. However, metal
sulfides are usually subjected to photocorrosion and high carrier recombination. The assembly of metal sulfide-based Z-scheme
heterojunctions not only can overcome the above shortcomings of metal sulfides, but also maintain optimum redox performance. This review
will provide an overview on the general properties of metal sulfides, three different types and synthesis methods of metal sulfide-based Z-
scheme heterojunctions. Most importantly, the photocatalytic mechanism originating from the internal electric field was discussed from the
Fermi level, direction of charge transfer and generation ofreactive species. The applications of metal sulfide-based Z-scheme heterojunctions
in decomposing organic contaminants, hydrogen (H;) evolution and carbon dioxide (CO;) reduction were also summed up. In the end, the
challenges and outlooks of sulfide- based Z-scheme heterojunctions were presented.

1. Introduction

The rapid industrialization, socioeconomic growth and the improvement of human living standards have potentially
contributed to environmental pollution and energy shortages, which have garnered significant global concern (Sun et al,
2020; Xiao et al, 2019; Huang etal,, 2018; Jiang, 2016; Jin etal, 2020). To handle the environmental problem and depletion
of fossil fuels, it is pressing to exploit renewable energy resources and develop feasible technologies for environmenta
remediation (Loeb et al, 2019; Wang et al, 2018a; Zhu et al, 2020; Singh et al, 2020; Ong et al, 2016). Solar energy is
perceived as one ofthe most prospective alternative energy in virtue of its clean, renewable and abundant characteristics (Li et
al, 2016a, 2021a; Xu etal, 2022a; Xia etal, 2019). However, the capture and storage of solar energy are big challenges. Thus,
it is essential to transform solar energy to another formthat is sustainable, clean, eco-friendly, and easy to store and transport.

Until now, tremendous efforts have been put forth to transform solar energy to applicable energy via various strategies,
such as solar cells (Kim et al, 2020; Zhen et al., 2019), photoelectrochemical cells (Scheuermann and Mclntyre, 2016; Zeng
et al, 2018a) and photo- catalysis (Meng et al,, 2016; Zhou et al, 2021). Among them, photo- catalysis has been dismissed
as a prospective technology for photoconversion in virtue of its potential in solar utilization for hydrogen (Hz) production
and some carbonaceous fuels such as methanol (CH3OH), methane (CH4), formic acid (HCOOH) and formaldehyde (HCHO)
(Alberto et al, 2018; Hao et al, 2018; Li et al, 2021b; Tianet al, 2020). Moreover, photocatalytic technology is an
effective and sustainable alternative for environmental pollution control due to its several merits such as ease of operation, high
treatment efficiency, low energy consumption and simple equipment (Fanget al., 2020; Zhu and Wang, 2017; Osterloh, 2018; Cai
etal, 2019). Nevertheless, the photocatalytic performance is limited by the following contradictory conditions: (1) the energy of
available photons (4v) should be higher thanthe energy gap (Eg) (Zhu and Zhou, 2021; Deng et al, 2020), which indicates that
narrow Egis conducive to the utilization of sunlight; (2)the redox potential of reaction should be situated between the valence
band (VB) top and conduction band (CB) bottom (Luo et al., 2017a),which means that more positive VB and more negative CB are
thermo- dynamically beneficial to redox reaction (Hu et al., 2018). Therefore, the single-component photocatalysts hardly have
strong redox capability and good light absorption in wide range. Moreover, they are usually subjected to easy recombination of

photogenerated electrons (e”) with holes (h™) in VB (Fig. 1a), which can be attenuated by designing suitable type II
heterojunctions (Wang et al, 2013). In type II heterojunctions,the migration of excited e” in the CB of catalyst (S2) to CB
of catalyst(S1) and the transfer of h™ in the VB of S1 to the VB of S2 (Fig. 1b)accelerate separation of photogenerated e

and h™ (Paul et al, 2019; Dashtian et al, 2018). This charge transfer process results in attenuated oxidation and reduction
abilities (Low et al, 2017), and electrostatic repulsion between the same kind of charges is ignored. It is hard for type Il
heterojunctionstoachievebroadrangeoflightabsorption, effectivecarrier separationand strongredoxcapability simultaneously.
There-fore, it is essential to exploit appropriate catalytic systems to solve the problems listed above.

In nature, the distinctive structure of green plants enables them to make effective use of solar energy, and transform COz and
water into carbohydrates and oxygen (0z). The production of 02 and reducing coenzyme occurs in two different parts of
chloroplasts, and these two processes occur simultaneously (Qi et al, 2018). The charge migrationin this process occurs as
similar to the English letter ‘Z'. Recently, re- searchers have carried out some exploratory work on fabrication of such
photocatalytic systems by simulating the photosynthesis of green plants in nature. Successful Z-scheme photocatalysts include
CdS/Co9sSs (Qiu et al, 2017a), P-M0S2@WO0s (Wei et al, 2021), LaTiO2N/Bi2S3 (Sharma et al, 2020), etc. In Z-scheme
photocatalytic systems, the separation efficiency of photogenerated carriers is significantly improved, light-absorption response
range is widened, and strongredox ability is maintained. Thusafabricating Z-scheme photocatalyticsystems appears a pertinent
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strategy to realize optimal charge separation and increase photocatalytic activity. Amongst different categories of nano- materials
and their composites used as photocatalysts, metal sulfides are considered as promising adsorbents and photocatalysts for
removal of pollutants, H2 production and CO2z reduction. In the last decade, therehave been several excellent reviews on sulfide-
based compounds (Shenetal,, 2023; Yu etal,, 2016; Chandrasekaranetal,, 2019). Thesereviews emphasized energy storage, energy
conversionand photocatalyticap-plications. Thisreview sumsup thelatestadvance of metal sulfide-based Z-schemephotocatalytic
systems, which includes the properties of metal sulfide, common types and synthetic methods of Z-scheme photo- catalysts,
underlying photocatalytic mechanism and applications in the decomposition of pollutants, hydrogen production and CO2 reduction
(Fig. 2).
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Fig. 1. Charge transfer in (a) single-component photocatalyst and (b) type II
heterojunction photocatalytic system.

2. The properties of metal sulfide

Binary metallic sulfide compounds have sulfur anion combining with metallic cation to form MS, M2S, M3Ss and several other
stoichiometries. Binary metal sulfides, including cadmium sulfide (CdS) and zinc sulfide (ZnS), are regarded as promising
photocatalysts due to their appropriate band gap value (Eg), wide light absorption range, inherent electrical properties and
efficient photocatalytic activity (Lee and Wu, 2017; Cheng et al,, 2018). CdS, with a medium Eg of 2.4 eV, is widely used in
photocatalytic decomposition of organic contaminants, Hz generation and COz reduction under visible light (Ai et al,, 2018; Feng
etal, 2021). ZnShas a wide Egof 3.6 eV, and only responds to ultraviolet light and cannot realize high visible-light photocatalytic
activity (Ahluwalia et al,, 2016). Layered SnSz with a narrow Eg0f 1.91-2.35 eV (Li et al,, 2016b) shows visible-light response and
low toxicity, which makes SnS: as visible-light photocatalysts. However, binary metal sulfides usually have poor stability and are
prone to photo-corrosion under light. For example, when CdSis used for photocatalyticdecomposition of organic pollut-ants, the
photo-corrosion is severe and the catalytic performance decreases rapidly as the reaction continues (Wang et al, 2019a).

Moreover, the swift recombination of photogenerated e and h* restricts its wide application (Sun et al, 2018a). Therefore,
the design and syn- thesis of metal sulfides with visible-light absorption, good stability and high photocatalytic performance
have become research hotspots.

Multi-component metal chalcogenides have the characteristics of good stability, narrow band gap, high photoconductivity, strong
visible- light response and low toxicity (Friedrich et al,, 2017). The early application of multi-component metal chalcogenides was
focused on solar cells, photoelectric and photochemical devices, nonlinear opticalmaterials and light-emitting diodes. The excellent
properties of multi-component chalcogenides make them promising visible-light-responsive photocatalysts (Hu etal., 2015). Some
[-111-VI and II-111-VI ternary metal chalcogenides (AgInSz, ZnIn2Ss, AglnsSs,CulnSz and CdIn2Ss) have excellent photoelectric
properties and strongvisible-light absorption (Ganguly et al, 2019a, 2019b, 2021; Ouyangetal,2021a; Yeetal,, 2018), but
the visible-light photocatalytic activityof single-component ternary metal chalcogenides is still not satisfactory.

3. Metal sulfide-based Z-scheme photocatalytic system

Metal sulfide-based Z-scheme photocatalytic systemsinclude three different types: all-solid-state (ASS), liquid-phase and direct
Z-scheme (Fig. 3). Metal sulfide-based liquid-phase Z-scheme photocatalytic sys-
tems consist of metal sulfide, another semiconductor material andelectron acceptor/donor (A/D) pairs. The common A/D
pairs are NO3/NO3z, [Fe(CN)6]> /¥, 103 /1", [Co(phen)s]® /2%, Fe?'/Fe’* and [Co
(bpy)3]3+/2+, which promote electron transfer between metal sulfide and another semiconductor material (Fig. 3a2. Higashi
et al. fabricated Z-scheme photocatalytic system with CoOx/TaON photoanodes, metal sulfides and [Fe(CN)e]* /" redox
couple (Shirakawa et al, 2017).
Although this liquid-phase Z-scheme photocatalytic system maintains high redox ability, there are still some problems and
mistakes: (1) it is subjected to inherent shortcomings such as backwardreactions, low photoconversion efficiency, low stability of
redox mediator, light-shielding effect, strictapplication conditions only in the liquid phase and pH sensitivity; (2) The photoexcited
electrons in the CB of S2 and holes in the VB of S1 are more prone to react with electron acceptor and donor, respectively. Thus,
the transfer of electrons from the CB of S1 to the VB of S2 via the redox couple is unfeasible from thermodynamical view; (3) The



thermal motion of redox couple ions is random and fast,and only the redox couple located between an S1 and an S2 are bene-
ficial electron transfer; (4) Since free electrons alone cannot exist in water, the transfer of photogenerated electrons in water
medium is unfavorable via the water medium (Xu et al,, 2023).

Photocatalytic

Fig. 2. Graphical representation of metal sulfide-based Z-scheme photocatalysts and
applications.

To put up with the defects of liquid-phase Z-scheme photocatalytic systems, the metal sulfide-based ASS Z-scheme
photocatalytic system was developed. The redox mediators of metal sulfide-based ASS Z- scheme photocatalytic system are in
solid state. The common solid-state electron mediators are Ag, Cu, Au, metallic Bi, graphene oxide (GO) (Min et al., 2014), carbon
dots (CDs), reduced graphene oxide (rGO), carbon nanotubes (CNTs) (Wang et al, 2018b; Zheng et al,, 2019) and graphene
(Gautam et al,, 2020). The solid-state electron mediators can generate ohmic contact at the interface of heterojunctions, leading to
the minimum connection resistance and short transmission distance. In one of our works, a visible-light-responsive Z-scheme
photocatalyticsystem consistingofBi2S3, BiOBrandrGO as electron mediator was fabricated. This r GO/Bi2S3-BiOBr heterojunction
displayed effective decomposition of 2-nitrophenol (2NP) and Cr(VI) reduction owing to the reinforcement of electron transfer
from Bi2Ss to BiOBr viarGO and production of reactive species (Fig. 4) (Li et al, 2019a). Li et al. first prepared sulfur-doped
g-C3N4 (g-CNS) by calcination at 650 °C, then Au nano- particles were grown ong-CNS surface using chloroauric acidas pre- cursor,
and fabricated g-CNS/Au/CdS Z-scheme heterojunction via chemical bath deposition (Li et al,, 2015).
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Fig. 3. Charge carrier transfer in different Z-scheme heterojunctions.

The nano-sized Au promoted the face-to-face transport and the annihilation of the e~ of CdS and h* of g-CNS. Meanwhile, the
e~ on the CB of CdS and the h™ on the VB of CNS exhibited strongreductive ability and oxidizing performance, respectively.

They were participated in the reduction of H" to Hz and oxidation reaction. This g-CNS/Au/CdS showed good visible-light
photocatalytic performance and high stability in H2 evolution and decom- position of dyes due to the prolonged lifetime, boosted
redox ability and Z-scheme transfer path of charge carriers. Chai et al. synthesized Z-scheme P-doped ZnosCdosS1-x/N-doped
CNTs/BisNbOsCl hetero-junctions which exhibited superior photocatalytic performance in Hz and Oz evolution (Ngetal, 2021).
The N-doped CNTs with low contactresistance acted as electron mediators and promoted directional electrontransfer. Although
the use of solid-state electron mediators inhibits the backward reaction in liquid phase and extends the application in gaseous
and solid conditions, there are also some shortcomings with Metal sulfide-based ASS Z-scheme heterojunctions: (1) solid-state



electron mediators increase the economic cost of metal sulfide-based ASS Z-scheme photocatalyst and reduce light-absorption
ability; (2) Due to larger difference in electrode potentials, the electron transfer from theCB of S1 to the VB of S2 is more prone
to occur via the solid-state electron mediators, while the charge transfer path from the CB of S2 to the VB of S1 is
thermodynamically unfavored; (3) It is difficult toprecisely control the position of solid-state electron mediators between two

photocatalysts in synthesis; (4) The band bending is adverse to the interfacial transfer of photogenerated electrons (Wang et al,,
2022a). The direct Z-scheme photocatalytic systems are superior to liquid-phase and ASS counterparts due to no loading of
electron or hole mediators (Wanget al., 2019b), reduced cost and no shading effect, thusthey have been extensively investigated
for various applications. Direct Z-scheme CulnSz/Biz2WOs heterojunction, CdS/CulnSz nanoplates and ZnS-SnSz without electron
mediators werereported by us (Lu et al,, 2019; Deng et al,, 2019; Xia et al, 2020). The interface micro-structuresof these metal-
sulfide Z-scheme heterojunctions were regulated by sur- face chemical factors in the growth environment, and effective Z-scheme
electron transfer channels were established, leading to directionalcharge transfer without the aid of mediators and the optimal

redox capacity. Z-scheme CulnSz/BizWOs heterojunctions were synthesized by in-situ growth strategy. The obtained
CulnSz2/Biz2W0s had close inter- face contact and exhibited outstanding visible-light photocatalytic performance in decomposing
organic pollutants, Cr(VI) reduction andpharmaceutical wastewater treatment (Fig. 5) (Lu et al,, 2019). More- over, the influence
of surface microstructure on pollutant adsorption and interfacial mass transfer, and the influence of pollutantadsorption behavior

on the subsequent photocatalytic process were explored. The relationships among the microstructure of Z-scheme CulnSz /Biz2WOs

heterojunctions, light absorption performance and active species generation were revealed.
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Fig. 4. (a) Photocatalytic decomposition of 2NP solution, (b) Cr(VI) reduction, (c) synchronous photocatalytic redox ability of 1% rGO/Bi,Ss-
BiOBr in 2NP-Cr(VI) mixed solution. (d) Reactive species and (e) electron trapping experiment. (f) Photocatalytic mechanism of 1% rGO/Bi,S3-
BiOBr. Reproduced with permission from Ref. (65). Copyright 2019, Royal Society of Chemistry.

4. Synthesis methods of metal sulfide-based Z-schemephotocatalysts

The photocatalytic properties of Z-scheme nano-heterojunctions correlate with their composition, size and morphology, thus
the controllable synthesis of Z-scheme heterojunctions is of significant importance. In general, the growth of Z-scheme
heterojunctions includes two processes: nucleation and growth. However, the nucleationand growth are usually simultaneous, and
their thermodynamic and kinetic processes are difficult to control. Therefore, the controllable synthesis of Z-scheme nano-
heterojunctions is relatively complex. The type, con- centration and properties of reactants will affect the nucleation and growth of
Z-scheme nano-heterojunctions. Moreover, the reaction temperature, reaction time and ambient pressure also have vital influence
on the morphology of Z-scheme nano-heterojunctions. This section will briefly introduce several common synthesis methods.
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Fig. 5. (@) The synthesis process of Z-scheme CulnS;/Bi;WOs; (b) SEM and (c) TEM images of 15% CulnS;/Bi;WOs; (d) Photocurrent and
(e) EIS; (f) COD changes and (g) COD removal efficiency of pharmaceutical wastewater. Reproduced with permission from Ref. (70).
Copyright 2019, Elsevier.

4.1. Hydrothermal method

In the hydrothermal method, inorganic Z-scheme heterojunctions are synthesized from aqueous precursors in a special closed
reactor (autoclave) under high temperature and pressure (Ganguly et al,2019c). Water not only acts as a solvent, but also
participatesinthereaction.Inaddition,wateris alsoa medium to transfer pressure.By manipulatingreactiontemperature, reaction
duration, the feed ratios of different metal ions, precursor concentration and sulfur sources, physicochemical properties such as
the morphology, crystal structure and size of metal sulfide-based Z-scheme heterojunctions can be controlled, which have
important effects on the performance of metal sulfide-based Z-scheme heterojunctions.

There are several reports on the use of hydrothermal techniques as the preferred choice of synthesis. Amongst them, our
group fabricated direct Z-scheme CdS/CulnS: heterojunctions with tight contact interfaces and energy band matching by
hydrothermal method, and CdS/ CulnS:z exhibited high photocatalytic activity in decomposing tetracycline and Cr(VI) reduction
under visible light (Wang et al, 2019b).Zhang et al. prepared Z-scheme CdS/SnS: photocatalyst through aone-step
hydrothermal process using CdSnO33H20 as templates and thioacetamide as the sulfur source. The CdS/SnSz heterojunctions
show superior photocatalytic activity, which is attributable to high light-harvesting, strong adhesion between SnSz and CdS,
and efficient charge transfer (Zhang et al, 2018). Similarly, other metal sulfide-based Z-scheme heterojunctions such as
CdS/Bi12GeOzo (Ruan et al,, 2019), SnS2/AgsP0O4 (Luo et al, 2016), CoOWO04/CuNizSs+ (Mao et al,, 2020), ZnIn2Ss/Ti02 (Zhao et
al, 2021a), In2S3/Ce02 (Murugalakshmi et al, 2021) and In2S3s/AgzCrOs (Luo et al, 2017b) have also been prepared by
hydrothermal method. These stable Z-scheme metal sulfide hetero- junctions exhibited extraordinary photocatalytic
performance due to intimate contact interfaces and Z-scheme charge transfer. Apart from the use of water as the reaction
medium, the multiple roles of water (reac-tant, stabilizer, solvent, etc.) were also explored. The morphologies of these
photocatalysts were also pretty interesting.

4.2. Solvothermal method

The operation procedures of solvothermal method are similar to those of hydrothermal method, with organic solvents
replacing water. The solvothermal reaction is relatively simple and easy to manipulate. The structure, morphology and crystal
phase of Z-scheme nano- heterojunctions can be effectively regulated via adjusting the parameters such as temperature, different
organic solvents and inorganic ions. The structural and interfacial features of heterojunctions also requiresensible design to
promote efficient generation and utilization of pho- to generated charge carriers. The Z-scheme CdS@ZnInzS4 hetero- junctions
with a chemically bonded interface and hierarchical hollow structures were constructed via the growth of ZnIn2Ss on CdS surface
by solvothermal method at low temperature and applied for solar watersplitting to produce Hz and H202 (Zhang et al, 2021a).



Different morphologies of photocatalysts provide sensitive active sites for tuning photocatalytic activity. The key strategy
for controllable morphology is the sophisticated regulation of reaction conditions for the nucleation and specific growth of
photocatalysts by different solvent compositions and various additives. Some studies have elaborated on how different
solvents affect the morphology of Z-scheme hetero- junctions. For example, N,N-dimethylformamide, deionized water and
ethylene glycol have different effects on the morphology of Z-scheme Bi2S3/CdS (Shi et al,, 2021). Due to the suitable surface
tension and interface energy of ethylene glycol and N,N-dimethylformamide, BizS3/CdS heterojunctions prepared in N,N-
dimethylformamide and ethylene glycol displayed dandelion-like morphology, which was an assembly of hierarchical
nanowires, resulting in enhanced interfacial charge separation. The Bi2S3/CdS heterojunction synthesized in deion ized water

showed a staggered nanowire structure on account of the high surface tension and interface energy of deionized water.
Designing zero-dimensional /three-dimensional (0D/3D) structure of

heterojunction is a significant tactic for extending the lifetime of photo generated carriers due to many active sites, short migration
distance of photogenerated charges offered by 0D nanomaterials, and large specific surface area (Zhu et al,, 2018). Tang et al.
constructed Z-scheme 0D/3D Ce0Oz/ZnInzS4 heterojunctions by a solvothermal method (Hao et al,, 2021). The 3D flower-shaped
spherical structure of ZnInzSs+ serves as the support, inhibiting the self-aggregation of 0D CeOz. With a 91% TC degradation
efficiency within 2 h, the optimized 10 wt% CeOz/ZnInzS4 heterojunction exhibited satisfactory photocatalytic performance,
which was put down toits increased surface area, efficacious separation of photogenerated carriersand powerful redox capacity.

Because of different Fermi energy levels of different semiconductors and interface effect of heterojunction, there are CB
(A Ecso) and VB offset (A Evso), which could promote the transformation of type I heterojunctions to Z-scheme heterojunctions
during solvothermal process. For example, ZnS and SnS: are inclined to form type I heterojunction according to their CB and
VB positions. In fact, the A Ecso and A Eveo 0fZnS/SnSz heterojunction were 0.22 and 1.02 eV, respectively. The band alignment
by VB and CB offset tends to construct Z-scheme ZnS/SnS: heterojunctions (Fig. 6) (Xia et al, 2020).
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4.3. Multi-step synthesis

Some Z-scheme heterojunctions are challenging to synthesize in one step, but they can be obtained via multiple steps. Although
the operating procedure of multi-step synthesis is complex, it still has great potentialin preparation of Z-scheme
heterojunctions. Inmetal sulfide-based Z-scheme heterojunctions, intimate interfacebetween metal sulfideand other constituents
is critical for effective carrier transfer (Ren et al, 2019; Zhang et al., 2020). Growth of onephotocatalystin a precursor solution on
the surface of other semi- conductors is an effective strategy to construct Z-scheme hetero- junctions with a tight and stable
interface contact, which is in favor of the charge transfer between multiple components (Zeng et al,, 2018b). Inspired by this
notion, our research group synthesized direct Z-scheme CulnSz/Bi2WOs photocatalysts via in-situ growth of Bi2WOs on network-
like CulnSz microspheres with a hydrothermal process (Luetal,2019). The intimate interface and effective charge transfer
via Z-scheme pathways endowed CulnSz/Bi2WOs with excellent photo-catalytic performance. Qiu et al. synthesized Z-scheme
SnSz/BiOBr with visible-light response by an in-situ growth strategy. The significant in- crease in photocatalytic performance of
SnSz/BiOBr was probably attributable to the tight contact interface, leading to fast charge transfer via the interface (Qiu et al,
2017b). Z-scheme BiVO4 (040)-Ag@CdS materials were prepared via multiple steps. The monoclinic BiVOs with exposed (040)
facets and CdS nanorods were obtained by hydrothermal method, then the deposition of nano-sized Ag on the BiVO4 (040) facets
was realized by photoreduction to obtain BiVOs-Ag. The BiVO4 (040)-Ag@CdS was fabricated by the reflux method using BiVOs
Agand CdS nanorods (Xue et al,, 2019). Another example of multi-step synthesis was demonstrated in the assembly of visible-
light-responsive Z-scheme CdS/N-CoSx hetero- junctions (Zhang et al,, 2021b). First, CoSx polyhedrons were synthesized via
solvothermal process using ZIF-67 as template, and then were handled by N2 plasma to obtain N-doped CoSx (N-CoSy
polyhedrons. The direct Z-scheme CdS/N-CoSx heterojunction was obtained via the growth of CdS on N-CoSx surface by
solvothermal route. The photo- catalytic activities of CdS/N-CoSxwere dependent on the molar ratios of CdS to N-CoSxand plasma
treatment time. The Z-scheme CdS/N-CoSxwith a theoretical molar ratio of 8:1 and 5 min plasma treatment showed the optimal
photocatalytic activity with 100% Cr(VI) reduction efficiency, and is highly stablein five cycles. Li et al. synthesized Z-scheme g
C3N4/CdS heterojunction via chemisorption and self-assembly strategy. The g-C3N4/CdS heterostructure showed improved
photocatalytic performance in degrading erythromycin and tetracycline, and the photocorrosion of CdS was inhibited effectively
via the formation of heterostructure with g-C3Ns (Li et al,, 20196b).



5. Z-scheme photocatalytic mechanismbased internal electricfield

The key to increasing photocatalytic efficiency is to boost charge separation (Chen et al, 2021). The internal electric field
(IEF) at the interface of Z-scheme photocatalyticsystem drives charge separation (Xi et al., 2021). Therefore, it is crucial to
construct IEF rationally and explore the IEF-based photocatalytic mechanism. Z-scheme heterojunctions can be formed
between metal sulfides and other semiconductor materials. Generally speaking, reduction-type photocatalysts have smaller
work function (®) and higher Fermi level (Fig. 7a), while oxidation-type photocatalysts have larger ® and lower Fermi level
(Fig. 7b). Metal sulfides can be either reduction-type photocatalysts or oxidation-type photocatalysts depending on the Fermi
level. When metal sulfide gets in close contact with another semiconductor to produce Z-scheme heterostructure, the e” in the
reduction-type photocatalyst will migrate to the oxidation-type photo- catalyst across the interface until both semiconductors
have equal Fermi levels. The reduction-type photocatalyst becomes positively charged, and its band edge bends upward after
losing electrons, while the oxidation-type photocatalyst becomes negatively charged after accepting electrons, and its band
edge bends downward (Fig. 7c), resultingin an IEF at the interface.In presence of light, the e™ are excited from VB to CB of
reduction-type and oxidation-type photocatalysts, and the IEF will drive face-to-face transfer of photogenerated e  of
oxidation-type photocatalyst and h* of reduction-type photocatalyst, and accelerate their recombination at the interface
with the aid of Coulomb interaction and band edge bending (Fig. 7). Meanwhile, the e” in CB of reduction-type photocatalyst
and h™ in VB of oxidation-type photocatalyst are spatially separated,leading to strongredoxability (Zhang et al,,

2019a). This photocatalytic mechanism based on IEF and Z-scheme path is good for decomposition of organic pollutants, Hz
evolution and COzreduction.

The existence of an IEF and interfacial charge migration direction are important for exploring the underlying mechanism of Z-
scheme photo- catalysis. Atomic force microscope (AFM), Kelvin probe force microscopy (KPFM) equipped with surface

photovoltage technique can image the gathering of photogenerated e” and h* at two sides of the interface. Thus, the localized
charge separation can be visualized, and these two inverse charge transfer processes can be differentiated directly (Fig. 8) (Lin
etal, 2021). Moreover, the trapping experiment of reactive species, density functional theory (DFT) calculation, time-resolved
spectroscopy understanding the transfer pathway of photogenerated carriers through the interface of junction and
photocatalytic mechanism of Z-scheme heterojunctions (Li et al,, 2021c; Lee et al,, 2019).
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Our group has fabricated Z-scheme AglnsSs/Zn0 nanocomposites, which exhibited outstanding photocatalytic activities in
decomposing pharmaceutical pollutants. Moreover, the @ values of ZnO and AglnsSs were obtained from VB XPS and calculation
(Xuetal, 2022b), and the IEF in AglnsSe/Zn0O was verified using AFM equipped with KPFM. The Z-scheme path of charge transfer
in AglnsSs/Zn0 was driven by IEF, which was shown in Fig. 9. To further confirm the Z-scheme path of charge transfer, the main
active species in photocatalysis can be analyzed by radical trapping experiments. Tert-butyl alcohol (TBA), coumarin and
isopropanol (IPA) are usually used as scavengers of «OH radicals. The p-benzoquinone (BQ) and N2 atmosphere are

commonly utilized as the scavengers of 02. EDTA, triethanolamine (TEOA) and ammonium oxalate are extensively
applied as the scavengers of h* (He et al, 2015; Yuan etal, 2017a; Li et al,, 2018). Electron spin resonance (ESR) spectroscopy
is also extensively utilized to detect :0z and +OH radicals using 5,5-dime- thyl-1-pyrroline N-oxide (DMPO) as spin trap (Fig.
10). The DMPO-+02 and DMPO- OH peaks in ESR spectra authenticate the existence of Oz and OH radicals (Jiang et al,

2020). According to VB and CB of reduction-type photocatalyst and oxidation-type photocatalyst, active species, and the
redox potentials for the generation of OH and Ozradicals, and the existence of IEF, the underlying Z-scheme
photocatalytic mechanism can be inferred.
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6. Application of metal sulfide-based Z-scheme photocatalysts

6.1. Photocatalytic decomposition of organic pollutants

The decomposition efficiency of organic contaminants is extensively applied to estimate the photocatalytic activity of Z-scheme
photo- catalysts and the transformation degree of parent pollutants. Table 1shows some Z-scheme sulfide-based heterojunctions
for degradation of organic pollutants. However, the degradation efficiency of organic pollutants reflects neither the content of
organic intermediate productsin aqueous solutions nor practigal application potential. The potentialapplication of metal sulfide-



based Z-scheme photocatalysis in environ- mental restoration has been widely investigated. For example, Z-scheme AglnsSs/ZnO
was used to decontaminate organic contaminants and enhance biodegradability of real wastewater. Total organic carbon(TOC)
and chemical oxygen demand (COD) can assess the content of organic pollutants in wastewater. Moreover, the biodegradability
parameters such as carbon oxidation state (COS) and average oxidationstate (AOS) based on COD and TOC data can be obtained
according to the following equations:

oS =4-15x92

TOC, o
405 =4-1.5x %0

TOC @

where TOCy represents initial TOC concentration, 7OC and COD are corresponding values (mg/L) of wastewater at different
irradiation time. The increase of AOS and COS values with irradiation time indicates thatphotocatalysis can enhance the
biodegradability of wastewater. The increasing AOS and COS values from 0.42 to 1.35 and 2.94 in our previous studies
confirm that the photocatalysis of Z-scheme AglnsSs/ZnO heterojunctions can greatly enhance the biodegradability of
pharmaceutical wastewater (Fig. 11) (Xu et al, 2022b).

Degradation efficiency of organic pollutants, COD, TOC, AOS and COS values cannot give important information on toxic groups
of organic pollutants and the change of biological toxicity during photo-catalytic process. Therefore, it is of vital importance to
investigate the degradation path of organic pollutants and the toxicity of intermediates. In some studies, the decomposition and
mineralization paths of organic pollutants by metal sulfide-based Z-scheme heterojunctions were studied by analyzing degradation
intermediates at different time using high performanceliquid chromatography-mass spectrometry (HPLC-MS) (Xia et al., 2020).
The growth of Escherichia coli in culture medium containing degradation solutions at different degradation stages wereanalyzed
qualitatively and quantitatively to evaluate the toxicity of parent pollutants and their intermediates (Fig. 12). D. magna is adso
frequently utilized for toxicity evaluation of intermediate products during photocatalytic process due to its rapid
reproduction, shortlife cycle, easy cultivation and sensitivity to toxic substances (Li et al,, 2020a). Moreover, the ecological
structure activity relationships (ECO- SAR) model can predict the toxicity of organic pollutants and their degradation
intermediates (Li et al,, 2020a; Lv et al,, 2022). By detecting comprehensive toxicity of degradation intermediates at different
degradation stages, the non-toxic degradation pathway of typical anti- biotics can be regulated by changing the composition,
microstructure and application conditions of the catalyst.
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6.2. Photocatalytic H> production

H2 is supposed as ideal alternative energy on account of its high calorific value (122 kJ/mol), zero carbon emission, environmental
friendliness and storability (Li et al,, 2021d, 2022a). At present, Hz2 ismainly produced from natural gas via the reforming of steam
methane, and the obtained Hz is still a product of fossil instead of renewable energy. The key issues for the preparation and application
of H; fuel are the development of green and effective H, production methods, which are not dependent on the use of fossil fuels (Yuan et
al,, 2018). Photo- catalytic Hz production shows huge potential in alleviation of energy crisis by conversion of solar energy to Hz(Li
etal, 2022b; Zhou et al,, 2022). The reaction of photocatalytic water splitting includes Oz evolutionand Hz evolution. Since the first
report on water splitting for Hz production by TiO2 in 1972, various metal sulfide semiconductors have been utilized for
photocatalytic Hz production (Lai et al,, 2012). Un- fortunately, notall the single-component metal sulfide semiconductors can meet
the fundamental requests for photocatalytic H2production: more positive VB than H20/02 potential (1.23 V) and more negative
CB than H*/H2 potential (0 V). The Eg of semiconductors should be larger than 1.23 eV (Zhang et al., 2022; Li et al,, 2022¢).
Moreover, the high recombination rate of charge carriers of single-component metal sulfide semiconductors is still alimiting factor
for the application (Guo et al, 2023). Thus, the construction of sulfide-based Z-scheme heterojunctions is a fantastic tactic to
surmount the shortcomings of single-component metal sulfide semiconductors, which is beneficial to photocatalytic Hz
production.
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The exploitation of noble-metal-free cocatalystsin Z-scheme systemsfor solar Hz production has attracted huge interest. Yu

et al. fabricated a Z-scheme photocatalytic system using Co304/BiV0s, M0S2/CdS and [Co (bpy)s]>*/[Co(bpy)s]*" redox
couple as Oz evolution photocatalyst, H2 evolution photocatalyst and electron mediator, respectively (Yuan et al,, 2017b). The
highest 0z and Hz evolution rates are 14.5 and 7.1 mmolh™! in this Z-scheme photocatalytic system with 4 wt% MoSz/CdS
and 1.5 wt% Co304/BiVOs+ under visible-light exposure, respectively. The superior Hz evolution efficiency and high stability
of this Z-scheme system indicate its good potential for solar H2 generation.

The inhibition of backward reactions by shuttle redox mediators isstill challenging in constructing liquid-phase Z-scheme
photocatalytic systems for water splitting, thus the development of Z-scheme photo- catalytic systems without shuttle redox
mediators is preferred. Xie et al. synthesized Z-scheme CdS/WOs junction for H2 production (Zhanget al, 2014). The Z-
scheme 20 wt % CdS/WO3 photocatalyst showed high photocatalytic activity with Hz release rate of 369 umol g-! h-1, which
is about 5 times that of CdS in presence of lactic acid (Fig. 13a). The introduction of noble metal Pt in Z-scheme CdS/WO0s
can further improve the charge transportation between the interface of CdS and W03, leading to dramatic Hz release rates
0f2900 umol g! h'' under irradiation of visible light (Fig. 13b). The photocatalytic mechanism of CdS/WOs3 for Hz production
was shown in Fig 13c. Because of higher ® of W03 than CdS, the e” transferred from CdS to WOs until reaching the same ®
after the contact of CdS with WOs. With bands bending, 1EF is formed at the junction interface. The potential barrier will be



set up by the CB bending of CdS. Under light exposure, the e” was excited from the VB of W03 and CdS to their CB. The internal
electricfield drove the transfer and recombination of photogenerated e” in CB of W03 with h* in VB of CdS (Fig. 13). Meanwhile,

moree” in CB of CdS wereinvolved in reducing H* and Hz evolution.

Zhang et al. prepared direct Z-scheme CdS/Co9Ss heterojunction byembedding Co9Ss cubes with CdS quantum dots (QDs)
for photocatalytic water splitting (Lv et al, 2022). The Hz evolution rate on Z-scheme CdS/Co9Ss heterojunction is 9.1 and
134-fold higher than that of CdS

Table 1
Z-scheme sulfide-based heterojunctions for degradation of organic pollutants.
Photocatalyst/Dosage Synthesis Pollutant/Conc entrat i Light Intensity Time Efficiency Ref.
on
Spectra w) (min) (%)
Znln,S;@Mo0; (150 mg/L) Hydrothermal method Tetracycline (30 Xe lamp 420 120 94.5 Ouyang et al. (2021b)
mg/L)
CdS/CQDs/g-C3N, (1000 Calcination method Rhodamine B (10 Xe lamp 300 90 98 Feng et al. (2020)
mg/ mg/L)
L)
Ag/NH,-MIL-125(T1i)/CdS Chemical bath Ketoprofen (10 mg/L) Xe lamp 350 180 94.2 Zheng et al. (2021)
deposition
(500 mg/L) method
BiV0,/Ag/CdS (400 mg/L)  Chemical deposition Norfloxacin (19.78 Xe lamp 350 90 98.33 Gao et al. (2022)
mg/
method L)
Ag-C3N,/SnS; (400 mg/L) Hydrothermal method Tetracycline (15 Xe lamp 500 150 94.9 Zhao et al. (2021b)
mg/L)
0-CN/CdS (700 mg/L) Solvothermal method 2-chlorophenol (10 Xe lamp 300 60 100 Zhang et al. (2023)
ppm)
Ag;P04/1T@2H-M oS, (200 Hydrothermal method Tetracycline (10 Xe lamp 500 40 98.9 Hua etal. (2023)
mg/L)
mg/L)
MoS,/Ag-ZnFe, 0, (800 Hydrothermal method Tetracycline (10 Xe lamp 300 60 94.8 Zhu et al. (2023)
mg/L) mg/L)
BC/2ZIS/WO0; (100 mg/L) Facile hydrothermal Rhodamine B (95 Xe lamp 300 120 9 Cheng et al. (2022)
mg/L)
method
In;S3/TisC2 (600 mg/L) Hydrothermal synthesis Sulfamethoxazole (10  Xe lamp 300 150 98 Saravanakumar et al.
mg/L) (2023)
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QDs and Co9Ss under illumination of simulated sunlight, respectively. The outstanding photocatalytic performance of Z-
scheme CdS/Co9Ss was attributable to multiple reflections and lighting, and efficacious separation of photoexcited charge
carriers. Li et al. synthesized a Z-scheme heterojunction consisting of sulfur vacancy-rich Znln2S+ and MoSe2 (Sv-
Znln2Ss/MoSez) for photocatalytic H2 release under monochromatic light at 420 nm. The optimized Z-scheme Sv

ZnIn2Ss/MoSe:2 heterojunction exhibits good performance with an H2 release rate 0f63.21 mmol g‘1 h™%, which is 18.8 times
of bare ZnInzSs. The enhanced activity of Z-scheme Sv-ZnIn2Ss/MoSe:z for H: release is attributable to the synergism of
interfacial Mo-Sbond, S vacancies and internal electric field. The interfacial Mo-Sbonds act as direct channels of charge transfer
between MoSez and Sv-ZnIn2Ss. The S vacancies can promote the separation of photocarriers and enhance optical absorption. The
internal electric field drives the charge transfer via S-scheme path between MoSez and Sv-ZnIn2Ss (Fig. 14) (Wang et al, 2021a).

Table 2
Z-scheme sulfide-based heterojunctions for hydrogen production.
______________________________________________________________________________________________________]

Composite type Sacrificial Light source (wavelength) H; evolution rate (/mol h! g_ll AQY (%)
34 (420 nm) >12 Li et al. (2021e)

CdS-Au Na,S/Na;S0; 300W Xelamp (A > 420 nm) 102.9 9.6 (420 nm) >44
Liang etal. (2018a) g-C3N,/CdS Na,S/Na,S0s; 300W Xe lamp (A > 420 nm)
1809.07 2.79 (420 nm) >40 Wang et al. (2021b) CdS@WO3;
lactic acid 300W Xelamp (A > 450 nm) 736.89 1.72 (450 nm) >25
Zhang et al. (2019b) CoS/CdS lactic acid 300W Xe lamp (A > 400 nm)
39290 14.5 (400 nm) >16 Li etal. (2022¢)

*NA, not available.

The simultaneous production of value-added molecules (carboxylic acids, ethanol, etc.) and energy generation or wastetater
remediation using ZnInzS4 in a single redox cycle is an excellent strategy (Pillai and Kumaravel, 2021). Li et a/ designed Z-scheme
Znln2S4/WOs3 hetero- junctions withintimate interfacial contact via facile solvothermal as- sembly of W03 nanorods with ZnInS:
nanosheets, and demonstrated an excellent strategy of coupling organic synthesis and Hzgeneration in a single redox cycle using
a Z-scheme Znln2S4/WO03 heterojunction (Liet al, 2022d). The fabrication of Z-scheme Znln2S4/WOs3 hetero-
junctions promotes the effective charge separation (Fig. 15a). The photogenerated e” and h* are spatially separated by their

redox sites, and the band edge potentials can be manipulated to attain strong redox abilities for the production of targeted organic
products. The optimized ZnInzS4/WOz heterojunctions possessed the highest photocatalytic performance with 174 (mol
benzaldehyde production and 214 ymol Hz evolution. Integrating H2 production or wastewater remediation with the generation
of organic products is amajor advance (Fig. 15b) (Chauhan et al,, 2021). The large-scale Hz production is the ultimate goal of
research. Some research teams have developed a prototype reactor which is able to generate massive Hz under natural sunlight
(around 6.1 Lin 8 h) asshowninFig. 15¢ (https://dst.gov.in/large-s-cale-reactor-developed-cost-effective-production-hy- drogen-
using-sunlight-and-water). Various Z-scheme sulfide-basedheterojunctions for H2 production are shown in Table 2.
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6.3. Photocatalytic CO; reduction

The large-scale use of fossil fuels and the continuous increase of CO2 emission from human activities have led to energy crises
and global warming (Zeng et al.,, 2020). Enlightened by the natural photosynthesis

which converts COz and H20 to Oz and hydrocarbons under the sunlight, the transformation of CO2 to valuable carbonaceous
chemicals such as CH+, HCOOH, CH30H and ethanol (CH3CH20H) by photocatalytictechnology has been considered as one of the
most attractive way to deal with carbon emission and energy crises (Xu et al,, 2019; Pan et al, 2017).Since the first report on
the UV photoreduction of CO2 to organic compounds, TiOz, CdS, Fe203, Cuz20 and other semiconductor materials have been used
for photocatalytic CO2 reduction to HCOOH, CO, CH3OH, HCHO and CH4 (Zhao et al, 2021c). However, CO2 reduction efficiency
of single-component semiconductors isrelatively low in virtue of highly stable CO2 molecules and speedy recombination of photo-
generated carriers (Yoshino etal, 2022). The photocatalytic CO2z reduction includes COz reduction and Hz0 oxidation, which
involves the fracture of C-O bonds and formation of C-H bonds (Ran et al,, 2018). The above two half-reactions are full of
challenges because of their high bond energy. Huge endeavors have been devoted to enhancing energy conversion efficiency and
extending optical absorption range. However, the photocatalytic CO2 reduction efficiency and reaction selectivity of high-value
chemicals remain low(Li et al., 2020b). Thus, the development of efficient photocatalysts with high stability is of great significance
for COz reduction. Metal sulfide Z-scheme heterojunctions show strong redox capacity, effective transfer of photogenerated charge
carriers, wide spectral response and high stability, thus many studies have concentrated on the possible application of metal
sulfide Z-scheme heterojunctions in photocatalytic COz reduction (Liang et al., 2018b; Ma et al,, 2021). Yu et al. synthesized
direct Z-scheme CdS-WOs heterojunctions by direct growth of CdS on WO3 spheres for converting CO2 to CH4 (Jin etal,
2015). The higher COz reduction efficiency of CdS-WO3 under the exposure of visible light than that of W03 and CdS was put down
toenhanced adsorption for CO2 molecules, efficient spatial separation and Z-scheme transfer of photogenerated charge carriers.
Zou' s research group constructed a Z-scheme WOs/Au/In2Ss photocatalytic system via a step-by-step vapor deposition
process for COz reduction (Li et al., 2016¢). The W03/Au/In2S3 shows much higher photocatalytic activity than WOs3/In2S3
in conversion of CO2 to CHswhich result from the positive role of Au nanoparticles in promotingoriented migration of

e from CB of WO3 to VB of InzSs across theinterface. The differences between the SPV images of W03/Au/InzS3 and
WO3/In2S3 under light and in the dark also confirm that Au nano-particles have important impact on charge transfer
between In2S3 and W03 (Fig. 16).
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The photogenerated e~ in the CB of InzS3and h* in the VB of W03 have strongredox ability, which can facilitate the generation
of CH4. Some Z-scheme sulfide-based heterojunctions for COz reduction are shown in Table 3.

Yan et al. proved the Z-scheme heterostructures of B-doped g-C3N4/SnSz by DFT calculations on charge density and work
function (Wang et al,, 2018c). The stronger light absorption and narrower Eg of Z-scheme g-C3N4/SnSz heterostructures than
those of g-C3N4 can improve photocatalytic performance. The photocatalytic activity was assessed by calculating the free
energy for each reaction step of COzreduction, and the products of COz reduction were predicted as CH3OH and CHa4. The rate-
determining step and optimal path for COz reduction were also obtained from calculations.

Although there is some progress on CO2 photocatalytic reduction by Z-scheme heterojunctions, it is still at the initial research stage,
and there are still many unsolved scientific problems. By far, the products of photocatalytic CO2 reduction by Z-scheme
heterojunctions are mainly C1 (CO, CH4), and it is difficult to generate C2 and C3 products with high yield and high selectivity (Sun
etal, 2018b).In the future, it is necessary to combine theoretical calculation with in-situ ESR, in-situ Fourier transform infrared
spectroscopy (FTIR) and other advanced characterization methods to explore the reaction mechanism deeply. The kinetics and
thermodynamics of the transformation to C2 and C2 products after the formation ofinitial C-C bond deserve more attention, and
the selectivity of products should be rationally regulated through interface modification and the use of catalytic additives (Albero
et al, 2020). Moreover, the charge transfer path in Z-scheme heterojunction is notfully clear, and the deep correlation between
charge transfer and COz reduction should be revealed. The dependence of solvation effect, activation energy barrier and energy gap
on chemical potential is usually ignored in the construction of reaction path by conventional DFT calculation. The path of
reduction productsis unclear, and evaluation ofreaction activity is still inaccurate.

Table 3
Recent representative studies on the use of metal sulfide-based Z-scheme heterojunctions for COz reduction.
Photocatalyst Sacrificial Light source (wavelength) Product evolution rate (fmol h? AQY (%) Stability (h) Ref.
gl
Bi202.33-CdS NazS/ 300W Xe lamp (A > 420 nm) C0:2.9 34 (420 nm) >16 Wang et al. (2022b)
NazS03
Bi19S27Br3/g-CsNa Not add 300W Xe lamp (A > 420 nm)  CO: 12.87 NA >24 Zhao et al. (2022)
BiVO04/Bi2S3 NazS/ 300W Xe lamp (A > 420 nm)  CH3;OH: 12.5 + 1.25 NA >24 Wang et al. (2022c)
NazS03
ZnxCd1+S/Au@g- Glucose 300W Xe lamp (A > 420 nm)  CHsOH: 131 NA >12 Madhusudan et al. (2021)
C3Na
WO3-TiO2/Cu2ZnSnSs NA 400W Xe lamp (A > 420 nm) CO: 15.37 CH4:1.69 CO: 0.36 >20 Raza et al. (2020)
CH4:0.16

ZninS, H,
41082 IOV C
wo, H
of 0o (L t
, t ® -
19 !

Components/ Processes: 1) Solution chamber, 2) Peristaltic pump & overhead stirrer control unit, 3) Solution inlet,
4) H, sampling outlet, 5) H, storage tank and 6) Chemical collection unit.

Fig. 15. (a) Photocatalytic mechanism of WO03/ZnIn,Ss for synchronous oxidation of benzyl alcohol and H generation; Reproduced with
permission of Ref. (Li et al, 2022d). Copyright 2021, American Chemical Society. (b) valorization of furfuryl amine to corresponding imine
integrated with H; generation; Reproduced with permission of Ref. (Chauhan et al, 2021). Copyright 2021, Elsevier. (c) Large scale pilot
plant for Hz generation.
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7. Conclusion and future perspectives

Photocatalysis has promising prospects for solving environmental pollution and energy crisis. As an important type of catalysts,

metal sulfide-based Z-scheme heterojunctions have the properties of high visible-light utilization, easy separation of
photogenerated carriers and strong redox capacity. In this review, the properties of metal sulfide, the energy band arrangement
and charge transfer rules of metal sulfide- based Z-scheme heterojunctions, the characteristics, advantages and shortcomings of
different Z-scheme metal sulfide heterojunctions, thesynthesis methods, IEF-based photocatalytic mechanism, and the application
in decomposition of organic contaminants, Hz evolution and COz reduction were discussed.
Although metal sulfide-based Z-scheme heterojunctions have many unique advantages and several encouraging progresses have
been achieved, there are still some challenges: (1) Various techniques have been explored for the lab-scale synthesis of metal
sulfide-based Z- scheme heterojunctions, however, they may not be applicable in large- scale production. The low-effective light
utilization and low light quantum efficiency are still the bottlenecks for practical application. (2) Although the redox ability and
stability of metal sulfide-based Z-scheme heterojunctions were enhanced, and decomposition efficiency of organic pollutants was
increased, organic pollutants cannot be completely mineralized. Some stable and more toxic intermediates are usually produced.
Thus, how to regulate the degradation pathway of organic pollutants, in particular, how to preferentially destroy the toxic
groups of organic pollutants, is an imperative problem. (3) The production level of the chemicals from photocatalytic CO:
production and Hz production are still in the range of ymol g ' h™%, which is far from large-scale production. Moreover,
the photo-corrosion, the aggregation of catalysts and the poisoning by the strongly adsorbed species are major causes for
deactivation of catalysts, which could obstruct the reaction continuity and increase the production costs of COz and Hz.

Inspired by the present progressand challenges in this research area, some major questions that need further investigation
and clarificationare proposed as follows: (1) the electron-transfer path of Z-scheme heterojunctions was wrong, and S-scheme
heterojunction was proposed to overcome the shortcomings of mechanism of Z-scheme hetero- junctions. In S-scheme
heterojunction, the spontaneous diffusion of electrons in the reduction photocatalyst to oxidation photocatalyst will create electron
depletion layer near the interface of reduction photo-catalyst and electron accumulation layer near the interface of oxidation
photocatalyst, leading to the formation of internal electric field between negatively-charged oxidation photocatalyst and positively-
charged reduction photocatalyst This internal electric field promotes the trans- fer of photogenerated electrons from oxidation
photocatalyst to reduction photocatalyst. Meanwhile, the upward and downward band bending of reduced and oxidized
photocatalysts promote the interfacial recombination of photogenerated electrons in the CB of oxidized photocatalystand holes in
the VB of reduced photocatalyst due to the Coulomb force. This charge transfer path endows efficient separation of the
photogenerated carriers and strong redox ability of S-scheme heterojunction (Xu et al, 2020; Wageh et al,, 2021). (2) Engineering

application is an important direction of our efforts. Industrialized
manufacturing equipment for the large-scale production of metal

sulfide-based Z-scheme heterojunctions with extraordinary photo- catalytic performance, high stability and excellent durability
should be introduced, and the fixation of photocatalysts on proper supports andthe fabrication of large-scale photocatalytic
reactors should be considered to enhance the light utilization efficiency from an engineering standpoint. (3) Microstructure
regulation, degradation pathway of organic contaminants and toxicity reduction should be further investigated in wastewater
remediation applications. The balance between mineralization degree of organic contaminants, toxicity reduction andeconomic
cost should be further evaluated. The theoretical guidance and experimental basis for exploitation of efficient sulfide-based Z-
scheme heterojunctions, degradation, and toxicity reduction of organic pollutants should be explored. (4) The proper regeneration
methods should be further explored for enhancement of long-term stability of photo- catalytic reactors and their extension of
service life in engineering application.
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