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1. Introduction

The growing societal and industrial con-
sumption of fossil fuels has resulted 
in anthropogenic carbon dioxide (CO2) 
emissions and environmental deteriora-
tion, necessitating sustainable energy 
conversion technology as an alterna-
tive.[1–3] Solar light, as an emerging branch 
of clean energy, offers an unparalleled 
abundance of energy on Earth. Tackling 
our current energy challenge undoubt-
edly calls for innovative strategies to har-
vest and convert solar power.[4–6] Artificial 
photosynthesis utilizes semiconductors 
with light response and conversion abili-
ties to generate fuels and chemicals by 
using earth-abundant feedstocks, such as 
CO2, nitrogen (N2), and water (H2O).[7–9] 
Therefore, it is imperative to develop 
semiconductor photocatalysts with strong 
light-harvesting and storage capabilities to 
drive artificial photosynthesis.

During the past decades, a broad range 
of semiconductor photocatalysts has been discovered and inves-
tigated for artificial photosynthesis, including metal oxides,[10–12]  
metal sulfides,[13–15] and metal-free polymers.[16–18] As typical 
candidates, metal oxides such as titanium dioxide (TiO2)[19–21] 
have displayed the ability to split water into hydrogen and 
oxygen by harnessing light energy as early as the 1970s.[22] How-
ever, for metal oxides, the O-2p orbital occupation of the valence 
band (VB) leads to an enlarged bandgap, thus enabling only the 
response to UV light, which is unfavorable for the abundant 
usage of incident photon energy.[23] In stark contrast, metal 
sulfides show promise for more effective solar light utilization 
because of their narrow bandgaps (Figure 1). Briefly, the VB in 
metal sulfides is occupied by the S-3p orbital, whose position 
is higher than that of O-2p, which gives rise to the formation 
of less positive VB and higher hole mobility for accelerating 
charge transfer.[24]

In general, the need to explore visible-light-responsive pho-
tocatalysts has driven the rapid development of metal sulfides 
with suitable bandgaps and wide light response ranges. More-
over, along with the development of metal sulfides, their physic-
ochemical properties have been modified constantly via various 
engineering strategies, including element doping,[25–27] phase 
transformation,[28–30] cocatalysts introduction,[31–33] and inter-
face construction.[34–36] For instance, a cadmium sulfide/zinc  

Artificial photosynthetic solar-to-chemical cycles enable an entire environ-
ment to operate in a more complex, yet effective, way to perform natural 
photosynthesis. However, such artificial systems suffer from a lack of well-
established photocatalysts with the ability to harvest the solar spectrum 
and rich catalytic active-site density. Benefiting from extensive experimental 
and theoretical investigations, this bottleneck may be overcome by devising 
a photocatalytic platform based on metal sulfides with predominant elec-
tronic, physical, and chemical properties. These tunable properties can 
endow them with abundant active sites, favorable light utilization, and 
expedited charge transportation for solar-to-chemical conversion. Here, it is 
described how some vital lessons extracted from previous investigations are 
employed to promote the further development of metal sulfides for artificial 
photosynthesis, including water splitting, CO2 reduction, N2 reduction, and 
pollutant removal. Their functions, properties, synthetic strategies, emerging 
issues, design principles, and intrinsic functional mechanisms for photo-
catalytic redox reactions are discussed in detail. Finally, the associated chal-
lenges and prospects for the utilization of metal sulfides are highlighted and 
future development trends in photocatalysis are envisioned.
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sulfide/zinc oxide (CdS/ZnS/ZnO) composite was studied 
via partial sulfidation of ZnO followed by deposition of CdS 
quantum dots.[37] The synthesized composite displayed a 
reduced bandgap, extended photon absorption, accelerated 
charge transfer, and enhanced performance. Tailorable band 
structures and broadened light absorption of metal sulfides 
favor efficient charge separation and adequate solar light con-
version efficiency in photocatalysis.

In parallel with the increasing number of publications on 
metal sulfide photocatalysts, several reviews have addressed 
recent advances in photocatalytic applications.[38,41] For instance, 
Zhang  et  al.[42] reported the preparation of metal sulfides and 
discussed their applications in H2 production, including the 

electro/photocatalytic hydrogen evolution reaction (HER) and 
photoelectrochemical water splitting. Wu  et  al.[39] presented 
recent advances in metal sulfides for the photocatalytic conver-
sion of lignocellulosic biomass and highlighted the advantages 
of metal sulfides and the necessity of developing metal sulfides 
for biomass valorization. Despite such impressive achieve-
ments, a comprehensive review covering not only a broad range 
of artificial photosynthetic reactions but also an intimate under-
standing of structure–activity interactions (design principle of 
metal sulfides) is missing, however of huge necessity.

To this end, in this review we discuss recent advances in the 
use of metal sulfides for solar-to-chemical conversion on three 
fronts (Figure 2): i) the functional mechanism and synthetic 

Adv. Mater. 2022, 34, 2202929

Figure 1. Energy bands of widely investigated metal sulfides. The values are from Wang et al.,[38] Wu et al.,[39] and Djurišić et al.[40]

Figure 2. Summary of various aspects of solar-to-chemical conversion involving metal sulfides as photocatalysts.
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method of metal sulfides, ii) the photocorrosion mechanism 
and related solution strategies, and design principles of activity 
and selectivity of metal sulfides, iii) artificial photosynthetic 
applications of metal sulfides and emerging bottlenecks. We 
end the review by concentrating on the innovative strategies 
needed for artificial photosynthesis to address the associated 
challenges of metal sulfides and discuss unexplored research 
opportunities.

2. Fundamentals of Metal Sulfides

2.1. Functional Mechanism of Metal Sulfides

Concerning the functional mechanism of metal sulfides 
for solar light conversion, a well-defined photocatalytic pro-
cess should be developed. The entire photocatalysis process 
based on semiconductors can be theoretically divided into 
three steps: light absorption to generate electron–hole pairs, 
electron and hole migration from the bulk to the surface, 
and charge-carrier-induced surface reactions.[18] In this pro-
cess, efficient light absorption and rapid charge transfer are 
vital for solar light utilization, which is an essential prereq-
uisite for high photocatalytic performance. Therefore, metal 
sulfides with suitable bandgaps and extended light absorp-
tion ranges are considered near-ideal candidates for artificial 
photosynthesis.[43]

Many metal sulfide photocatalysts, such as CdS,[44] and 
ZnS,[45] have been extensively studied owing to their suitable 
energy bands (conduction band [CB] and VB positions) and tun-
able surface electronic configurations. However, the utilization 
efficiency for the entire solar spectrum based on metal sulfides 
is still unsatisfactory due to their low absorption ability in the 
near-infrared region. Further modifications to metal sulfides 
are needed. Many structural or morphological engineering 
strategies can be implemented to promote light utilization.[46] 
Additionally, the charge separation and transfer efficiencies in 
the bulk and surface of metal sulfide photocatalysts are impor-
tant for subsequent photocatalytic processes. Various strategies 
to inhibit the charge recombination and further accelerate the 
charge-carrier transportation have been explored.[47] Neverthe-
less, metal sulfides fail to accelerate electron migration from 
the surface to catalytic sites because of their poor electronic 
conductivity, a fact which is inextricably linked to their semi-

conductive nature. Therefore, diverse efforts are made to pro-
mote the electrical conductivities of semiconducting metal 
sulfides, which are significant for the realization of rapid elec-
tron transfer during photocatalysis.

2.2. Basic Properties of Metal Sulfides

A brief overview of the structures and properties of metal-
sulfide-based semiconductors is provided in this section. 
Knowledge of the accurate positions of the elements and their 
corresponding outer electron configurations provides insight 
into the properties of metal sulfides and their applications in 
solar energy conversion. Commonly, metal sulfide compounds 
comprising sulfur and one or more metal cations (Figure 3) 
are categorized into binary metal sulfides (CdS, SnS2), ternary 
metal sulfides (ZnIn2S4, CuIn5S8), and polynary metal sulfides 
(Cu2ZnSnS4) in terms of elemental composition.[48–53]

CdS, a typical and important semiconductor of the II–VI  
family, enables a narrow bandgap of 2.4  eV and a negative 
CB position, which meets the potential requirements of 
most photocatalytic reactions.[44] Crystal structures of CdS 
can be divided into two distinct phases (Figure 4a–d): cubic 
zinc-blende (space group F3m) and hexagonal wurtzite (space 
group P63mc).[38,48] Generally, hexagonal wurtzite CdS exhibits 
better photocatalytic performance than cubic zinc-blende 
CdS, which is attributed to its thermodynamically stable con-
figuration, smaller crystalline size, larger surface area, and 
higher surface adsorption capacity.[48] Furthermore, the inte-
gration of hexagonal and cubic phases into one photocatalyst 
improves the redox capability owing to the synergistically pro-
moted charge transport.[59] The photocatalytic activity of CdS 
can be engineered by controlling its size and morphology, 
including the construction of nanorods, nanospheres, and 
nanosheets.[60,61] Similar to CdS, ZnS, a direct bandgap semi-
conductor of the IIB–VIA family, also can adopt two phases: 
a zinc-blend with a space group of F4-3m (Figure  4e) and 
wurtzite with a space group of P63mc (Figure  4f).[38,54] The 
large electron energy barrier of ZnS renders it responsive to 
only UV irradiation, suggesting that further modification is 
required.[62] Subsequently, strategies that include heterojunc-
tion construction, introduction of cocatalysts, and incorpora-
tion of elements have been applied to extend the light absorp-
tion range of ZnS.[62–64]

Adv. Mater. 2022, 34, 2202929

Figure 3. Elements used for preparation of transition metal sulfide photocatalysts. Commonly investigated elements in transition metal sulfides and 
S are highlighted.
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Additionally, metal sulfides consisting of other metal elements 
from the VIB-VIIB branch, such as Mo and Mn, have been inves-
tigated.[65,66] Taking MoS2 as an example,[67] thanks to different 
coordination of Mo and S atoms, MoS2 possesses three phases 
(Figure  4g): 2H, 3R, and 1T (numbers represent each repeat 
unit with the number of layers; H: hexagonal symmetry; R: 
rhombohedral symmetry; T: tetragonal symmetry).[55,66] Among 
them, 2H-MoS2 is an indirect semiconductor with a bandgap of 
1.2  eV.[68] However, accompanied by mechanical exfoliation, the 
obtained 2H-MoS2 monolayer is converted into a direct semicon-
ductor with a favorable bandgap of 1.85 eV, which is an alterna-
tive to gapless graphene.[55] By comparison, 1T-MoS2 displays a 
metastable metallic phase, which may permit use as a reduction 
cocatalyst in photocatalysis.[69] 3R-MoS2, a non-centrosymmetric 
semiconductor, offers unique features and benefits in the fabri-
cation of nonlinear optics.[70] As a binary n-type semiconductor, 
manganese (II) sulfide (MnS) enables a wide bandgap of 3.0 eV. 
To date, three structural phases have been discovered: stable 
α-MnS with a rocksalt structure (Figure  4h) and two meta-
stable structures, including β-MnS with a zinc-blende structure 
(Figure 4i) and γ-MnS with wurtzite structure (Figure 4j).[56] Both 
β-MnS and γ-MnS are unstable when exposed to high tempera-
tures and transform into α-MnS.[71] In comparison, α-MnS fea-
tures improved durability, high nonlinear optical absorption, 
and excellent electronic conductivity, and is potentially useful in 
optical devices.[72]

In addition to the metal elements from the group B family, 
metal sulfides made of metal elements from the IIIA-VIA 
family are also promising photocatalysis. For instance, In2S3 
is an n-type semiconductor that has a narrow bandgap of 
2.0–2.3 eV, which favors a wide light response.[73] Intriguingly, 
In2S3 has five possible polytypes: α-In2S3, deficient spinel  
β-In2S3, hexagonal γ-In2S3, cubic defect In2S3, and rhombohe-
dral ε-In2S3.[38] Of these structures, spinel β-In2S3 has stable 
thermodynamic features (Figure  4k) and a unique defective 
tetragonal structure and attractive photochemical characteris-
tics. These attributes make spinel β-In2S3 a promising material 
for photocatalysis.[74] The more negative CB of β-In2S3 relative 
to the reduction potential of H+/H2 allows β-In2S3 to reduce 
water. In addition, the abundant vacancies of β-In2S3 result in 
the formation of defect levels between CB and VB, which helps 
to extend the visible-light-response range and suppress charge 
recombination[75,76] Another n-type SnS2 semiconductor with 
a narrow bandgap of 2.1 eV is conducive to visible-light-driven 
redox reactions, including water splitting, CO2 reduction, and 
pollutant removal.[49,50] Furthermore, as a typical layered mate-
rial, SnS2 is ordinarily crystallized in a trigonal structure, with 
a P3m1 (No. 164) space group (Figure 4l), in which the layer of 
stannic atoms is closely surrounded by two layers of hexagonal 
sulfur atoms.[58,77]

In addition to the binary metal sulfides mentioned above, ter-
nary metal sulfides, such as ZnIn2S4,[51] ZnCo2S4,[78] CdIn2S4,[79] 

Adv. Mater. 2022, 34, 2202929

Figure 4. a–d) Schematic diagram of wurtzite (a,b) and zinc-blende (c,d) CdS crystal structures. a–d) Reproduced with permission.[48] Copyright 2016, 
Elsevier. e,f) The schematic conventional cells for wurtzite (e) and zinc-blende (f) ZnS. e,f) Reproduced under the terms of the CC-BY Creative Com-
mons Attribution 3.0 Unported license (https://creativecommons.org/licenses/by/3.0).[54] Copyright 2015, The Authors, published by AIP Publishing. 
g) Crystal structures of MoS2. Reproduced with permission.[55] Copyright 2018, Wiley-VCH. h–j) Crystal structures of MnS. h–j) Reproduced with per-
mission.[56] Copyright 2017, Wiley-VCH. k) Crystal structures of β-In2S3. Reproduced with permission.[57] Copyright 2020, Elsevier. l) Crystal structures 
of SnS2. Reproduced with permission.[58] Copyright 2021, Elsevier.
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and MnxCd1−xS,[80] have been extensively investigated because 
of their superior photoelectric properties. Taking bulk ZnIn2S4 
as an example, cubic, hexagonal, and trigonal crystal struc-
tures have been discovered and studied.[81,82] Among these 
polymorphs, the thermodynamically stable hexagonal ZnIn2S4 
can be obtained under mild conditions, while the preparation 
method for the other two requires harsh synthesis conditions 
(e.g., high temperature).[83,84] Hexagonal ZnIn2S4 enables a 
narrow bandgap (2.29  eV) and a unique S–Zn–S–In–S–In–S 
layered structure, which allows the stacked structure to be 
easily exfoliated and combined with another nanomaterial to 
construct a heterointerface.[53,82] Liu  et  al.[85] prepared mon-
olayer ZnIn2S4 nanosheets with rich S vacancies by an ion 
intercalation strategy. MoS2 quantum dots were subsequently 
positioned into the S vacancies of ZnIn2S4 nanosheets to form 
a well-defined interface with strong electronic interactions, 
which facilitated electron migration from ZnIn2S4 to MoS2. In 
addition to ternary metal sulfides, polynary metal sulfides, such 
as Cu2ZnSnS4, Cu2NiSnS4, and Cu2CoSnS4, have been investi-
gated due to their synergy among multimetallic elements.[52,86] 
The structure of Cu2ZnSnS4 as an example, is derived from 
ZnS and features eight atoms per cell with body-centered 
tetragonal symmetry.[52] S and metallic atoms were arranged 
in the crystallographic c-direction, and S ions were linked with 
four cations. This unique configuration endows Cu2ZnSnS4 
with a direct bandgap (1.3–1.6  eV), which could be potentially 
useful in photothermal treatment and photocatalysis.[87] The 
collective findings highlight that a basic idea of the basic prop-
erties of each metal sulfide helps provide valuable guidance for 
the engineering of metal sulfides for solar light harvesting and 
conversion.

2.3. Synthetic Strategies of Metal Sulfides

Essentially, the solar light conversion efficiency of metal 
sulfides is closely related to their morphology.[88,89] Taking 
cavity structure as an example,[90] it enables light scattering and 

slow photon effects within the cavity, thus achieving higher 
light utilization relative to its solid counterpart. In addition, 
metal sulfides with nanorod or nanosheet morphologies are 
good candidates for photosynthesis.[91] In this section, some 
general approaches for synthesizing metal sulfides with various 
morphologies are discussed, including the template method, 
solvothermal method, exfoliation method, and chemical vapor 
deposition (Table 1).

Template methods, including hard/soft templates and 
self-template strategies, have always been targeted for the 
preparation of metal sulfides with hollow structures.[4,105] A 
typical example from our group concerns the preparation of 
a CdS/Co9S8 nanocage.[92] Cubic Cu2O, as a hard template, 
was first converted into Co(OH)2 nanocages by a wet-chemical 
method. The sulfide composites were obtained by ion exchange 
on the Co(OH)2 nanocages. Distinct from the hard template, 
the soft-template approach for the construction of metal 
sulfides is based on the difference in surface tension at the 
interface and can omit the etching process as a consequence 
of the short-lived nature of the soft templates.[106] For instance, 
Feldmann et  al.[107] designed Ag2S hollow nanospheres via 
a microemulsion-based strategy followed by a phase separa-
tion reaction. Such hollow structures have a huge surface area 
and sufficient active sites, which might be exploited for solar 
light harvesting and the subsequent transportation of photo-
generated carriers.[108] Similarly, the construction of nanotubes 
and hollow nanopolygons using template methods has been 
reported in recent decades.[106,108,109] In this sense, morphology 
engineering of metal sulfides seems to be a promising way 
to maximize catalytic efficiency, based on the strength of the 
augmented surface area, facilitated mass transportation, and 
heightened light absorption. Therefore, developing a green 
and environmentally friendly template method is desirable for 
the fabrication of high-quality cavities.

The solvothermal method has been extensively utilized for 
the preparation of metal sulfides. Typically, metal and sulfur 
precursors must be dispersed in a desired solvent and trans-
ferred to a container under predefined conditions, such as 

Adv. Mater. 2022, 34, 2202929

Table 1. Main synthetic strategies for metal sulfides.

Metal sulfides Synthetic method Morphology Reference

CdS/Co9S8 Template Hollow nanocubes Qiu et al.[92]

Pd@CdS Template Hollow porous structure Sun et al.[93]

ZnSnO3@ZnIn2S4 Template Hollow core–shell Guo et al.[94]

MoS2 Solvothermal Nanosheets Mulu et al.[95]

MoS2/CdS Solvothermal Nanosheets Peng et al.[96]

ZnCdS Solvothermal Hollow nanocages Zhu et al.[4]

Cd/CdS Solvothermal Nanorods Wang et al.[97]

CdS/Ni-Co-S Solvothermal Nanorods Pan et al.[98]

ZnIn2S4 Solvothermal Monolayer Du et al.[99]

MoS2 (WS2) Exfoliation Monolayers Hai et al.[100]

MoS2 Exfoliation Monolayers Yin et al.[101]

ZnS Exfoliation Nanosheets Feng et al.[102]

Cu2O@CuS Chemical vapor deposition Hexapetalous flowers Fu et al.[103]

CdS Chemical vapor deposition Film Buckingham et al.[104]
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a certain temperature and high pressure.[110] Accordingly, 
the size, phase, and morphology of the metal sulfides can be 
manipulated by changing the preparation parameters. The sol-
vothermal method is a primary strategy for synthesizing metal 
sulfides. For instance, Mulu  et  al.[95] reported a hydrothermal 
strategy for MoS2 synthesis in which l-cysteine acted as a 
greener source of sulfur as well as a capping agent. In quick 
succession, several layers of MoS2 could be obtained. Com-
pared with the template method, the solvothermal method 
easily permits industrial applications because of its markedly 
reduced production costs and feasibility for scale-up. Moreover, 
crystal size, defect concentration, dispersion, and crystallinity 
of the metal sulfides can be easily controlled by adjusting the 
preparation parameters. Typically, metal sulfides synthesized 
by the solvothermal method have higher purity and crystallinity 
than those synthesized by other approaches.[99]

Construction of metal sulfides using the exfoliation 
method, particularly few-layer metal sulfides, has been widely 
adopted.[111] A typical case is the direct exfoliation of MoS2 or 
tungsten disulfide (WS2) into monolayer nanosheets using polar 
micromolecular solvents.[100] In this case, the higher co-catalytic 
activity of the monolayer nanosheets compared to platinum (Pt) 
could be observed, which was responsible for the fully exposed 
edge and plane sites of monolayer MoS2 or WS2 nanosheets. 
The observations confirmed that such layered structures could 
be advantageously exploited by liquid exfoliation. Compared to 
the exfoliation method, chemical vapor deposition (CVD) with 
scaled-up operations offers the possibility of industrial produc-
tion of metal sulfides. Specifically, the CVD method enables 
the conversion of metal (hydro)oxides into metal sulfides in the 
presence of sulfur precursors (e.g., sulfur, thioacetamide, and 
H2S). The structures of the as-prepared products can be tailored 
by modifying CVD parameters, including temperature and gas 
flow rate.[104] Fu et al. used an in situ CVD method to synthesize 
Cu2O@CuS core–shell hexapetalous flowers.[103] The authors 
described the growth of CuS on the Cu2O substrate. In this 
case, sequential solvothermal and CVD steps contributed to 
the formation of Cu2O@CuS, which was capable of extending 
light absorption and suppressing photocorrosion. Despite the 
impressive benefits of the CVD method in the preparation of 
metal sulfides, the method is limited by the requirement for 
costly equipment.[104]

Beyond these, there are other ways for fabricating metal 
sulfides, including the ones not mentioned here like electro-
chemical method and sonochemical method.[112,113] The devel-
opment of low cost, environmentally friendly, and efficient 
strategies for synthesizing metal-sulfide-based photocatalysts 
has generated widespread interest.[114] Such studies are cru-
cial for the development of metal sulfides for practical appli-
cations and will expand the capabilities for efficient solar light 
conversion.

3. Emerging Issues and Design Principles

3.1. Photocorrosion Mechanism

It has been widely acknowledged that the unique features of 
metal sulfides, including suitable band structures, tunable 

surface electronic configurations, and abundant active sites, 
provide desirable properties during solar-to-chemical conver-
sion. However, a huge challenge, namely the self-oxidation 
behavior of lattice S2− ions induced by photogenerated holes, 
has emerged.[115,116] In general, metal sulfide photocatalysts 
suffer from corrosion under light irradiation, during which lat-
tice S2− ions are easily oxidized by photoexcited holes into S0 
(in the absence of O2) or SO4

2− (in the presence of O2), thus 
leading to deactivation of photocatalysts.[117] Note that it is well-
recognized that long-term durability of photocatalysts is a pre-
requisite for large-scale industry. To this end, some irreversible 
electron donors, such as methanol, triethanolamine, and lactic 
acid, have been harnessed to consume the holes and enhance 
the stability of metal sulfides.[118] Nevertheless, such a half-
reaction based on electron donor oxidation seems to be a down-
hill process associated with the decrease in Gibbs free energy, 
resulting in the absence of stored solar energy.[119] Explorations 
of alternative strategies to deal with photocorrosion are essen-
tial to strengthen the stability of metal sulfides and more com-
pletely utilize solar energy.

3.2. Emerging Strategies to Improve Stability of Metal Sulfides

As mentioned above, photocorrosion behavior caused by the 
accumulated holes on the surface of the metal sulfides results 
in the loss of photosynthesis performance. Many modification 
strategies have been explored to stabilize the lattice S2– ions 
(Figure 5). These include elements doping, defect engineering, 
heterostructure construction, and deposition of cocatalysts.[119]

Element doping, including cation and anion doping, is cru-
cial in tuning the energy band of metal sulfides.[122–124] Specifi-
cally, the incorporation of exotic atoms into metal sulfides can 
regulate the oxidation level of photogenerated holes by intro-
ducing impurity levels in the forbidden band or by forming a 
solid solution,[125,126] which is therefore regarded as an appealing 
route to promote the photocatalytic stability of metal sulfides. 
Using P-doped CdS as an example, an oriented built-in electric 
field was generated by Huang  et  al.[126] by constructing a gra-
dient P-doped CdS nanostructure, which favored the extraction 
of holes from the inside to the outer surface. In this case, the 
delayed photocorrosion behavior of CdS was realized because S 
sites were “hidden” inside, while the photoexcited holes were 
extracted adequately. Such design was conducive for the design 
of stable and efficient metal sulfides to meet the practical appli-
cation demand. As expected, CdS-P exhibited dramatically 
enhanced water splitting activity, and no significant decrease in 
activity was observed after six cycles.

Defect engineering is a means of modification that effec-
tively extends light absorption and reduces the adsorption and 
activation energies of intermediates on metal sulfides.[127] Gen-
erally, because of the lower formation energy of surface sulfur 
vacancies relative to cation vacancies, surface sulfur vacancies 
are employed to regulate the local coordination structure to 
achieve superior photocatalytic activity.[128,129] Nonetheless, the 
introduction of surface sulfur vacancies fails to stabilize the lat-
tice S2− ions, which is relevant because of the lack of efficient 
hole extraction behavior.[130] In contrast, cation vacancies favor 
upshifting the VB position by incorporating a cation defect 

Adv. Mater. 2022, 34, 2202929
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level above the VB, which is beneficial for reducing the oxida-
tion capability of photoinduced holes.[131] Zou et al.[63] fabricated 
a Zn-deficient ZnS photocatalyst by adding sodium sulfide as 
a sulfur source, and Zn vacancy defects weakened the oxida-
tion capacity of the holes to prevent ZnS from photocorrosion. 
To take full advantage of defect engineering to improve the 
activity and stability of metal sulfides, the integration of cation 
and anion vacancies into metal sulfides has been suggested. 
Recently, Liu  et  al.[121] created abundant Zn and sulfur vacan-
cies on the surface of ZnS. The sulfur vacancies were respon-
sible for regulating the surface electronic structure to activate 
the adsorbed H2O, while Zn vacancies were conducive to high 
stability by lifting the VB position (Figure 5e–h).

Interface engineering (e.g., Type I/II and Z-scheme hetero-
structures) has been investigated to shift photoexcited holes 
away from metal sulfides, which is thus capable of preventing 
self-oxidation of metal sulfide semiconductors.[16,115,132] For 
instance, the photocorrosion bottleneck of both silver phosphate 
(Ag3PO4) and indium(III) sulfide (In2S3) could be overcome 
by the formation of a Z-scheme system composed of Ag3PO4, 
Ag, and In2S3, in which the recombination of the photoexcited 
holes from In2S3 and electrons from Ag3PO4 was realized via 
the Ag electron medium.[115] In addition to the Z-scheme con-
figuration, a type-II heterostructure is also a promising way 
to retard the photocorrosion of metal sulfides. Chen  et  al.[16] 

constructed a type-II heterojunction based on CdS/g-C3N4 via 
in situ photochemical deposition. In this case, the favorable 
band alignment enables the rapid migration of the holes from 
CdS to the VB of g-C3N4. This stabilizes the lattice S2− ions and 
produces a highly stable photocatalytic performance. Overall, 
designing a well-established interface helps to facilitate hole 
extraction from metal sulfides to overcome a critical obstacle of 
unstable S2− ions.

In addition to the aforementioned strategies, the deposi-
tion of cocatalysts is a widely used strategy that needs to be 
emphasized.[133] Oxidation cocatalysts are responsible for the 
extraction of photogenerated holes.[134] For instance, ultrafine 
CoO nanoparticles as an oxidation cocatalyst can be loaded 
onto the surface of a CdS nanorod. The CoS bond on the 
CoO/CdS interface guarantees efficient migration of the hole 
from CdS to CoO, which enhances the durability of CdS.[135] 
Apart from the well-known hole extraction mechanism, the 
isolation of O2 and H2O from photogenerated holes has been 
proposed to inhibit lattice sulfur ion oxidation. The graphene 
draping method was demonstrated to be highly effective 
for the anti-photocorrosion of CdS.[116] Specifically, the gra-
phene-draped CdS electrodes displayed a prolonged lifetime 
as compared to their pristine CdS counterparts (Figure  5i,j). 
The authors surmised that the draped graphene effectively 
prevented direct contact between the CdS film and O2/H2O, 

Adv. Mater. 2022, 34, 2202929

Figure 5. a,b) Density of state distributions of CdS (a) and CdS-P (b). c) Room-temperature time-resolved photoluminescence (TRPL) decay curves of 
samples in acetone. d) Schematic energy levels and variations in the Fermi levels of CdS and CdS-P. a–d) Reproduced with permission.[120] Copyright 
2017, Wiley-VCH. e–g) Potential energy diagram of photocatalytic water splitting with corresponding depictions of transition-state structures on pris-
tine ZnS and ZnS with vacancy defects. h) Proposed mechanism of M-ZnS with rich surface vacancy defects. e–h) Reproduced with permission.[121] 
Copyright 2021, American Chemical Society. i) Potentiostatic curves of samples. j) Digital images of as-prepared samples taken at different visible-light 
irradiation times. k,l) Potential barrier of an O2 molecule (k) and an H2O molecule (l) through defective graphene. i–l) Reproduced with permission.[116] 
Copyright 2017, American Chemical Society.
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thus suppressing the photocorrosion behavior of CdS under 
visible-light exposure, as evidenced by theoretical simulations 
(Figure 5k,l). Such a strategy has also been utilized to improve 
the air stability of other materials (perovskites) that suffer 
from photocorrosion.[136]

Metal sulfides modified via heteroatom doping, defect engi-
neering, interface construction, and cocatalysts deposition, can 
display impressive stability. However, such modification strate-
gies still face huge challenges. One challenge is that the afore-
mentioned modification strategies are associated with complex 
synthetic processes and harsh operating conditions, which 
impedes the industrial application of metal sulfides. Another 
challenge is that most of the currently developed strategies 
for photocorrosion suppression are based on an efficient hole 
extraction mechanism, whereas the superoxide radical induced 
by electrons and O2 may cause lattice S2− oxidation, which is 
indicative of the necessity of extracting both electron–hole pairs 
from metal sulfides. The dual cocatalysts strategy aims to pro-
vide efficient electron–hole pair transfer from metal sulfides to 
redox cocatalysts.

3.3. Design Principles of Metal Sulfides

Along with catalyst stability, activity and selectivity are equally 
vital metrics that should be considered. This section highlights 
the design principles of metal sulfides for various applications. 
For clarity, we separately present the design principle for spe-
cific photocatalytic applications that include H2 generation, CO2 
reduction, or N2 fixation.

For photocatalytic hydrogen evolution (HER), a prerequisite 
is the absorption of H+ ions (acidic medium) or H2O mole-
cules (neutral or alkaline medium) on the surface of metal 
sulfides.[137] The strong electronegativity of S atoms enables 
rapid adsorption of H+ via the strong chemical bond between 
the S site and adsorbed hydrogen (S-Hads). The strong adsorp-
tion results in poor desorption behavior of H2 on S sites, indi-
cating that a balanced capability between H adsorption and 
H2 desorption is required.[138] Therefore, feasible strategies to 
tune the H adsorption/desorption abilities of S sites need to 
be explored.[139,140] The Gibbs adsorption energy of H* (ΔGH*) 
is a vital descriptor to identify metal sulfide photocatalysts for 
HER.[140] For instance, an inert basal activation of ZnIn2S4 via 
the Ni atom doping method was developed by Shi et al.[139] to 
obtain a near-perfect ΔGH* value on S sites and promote HER 
kinetics, as concluded by density functional theory (DFT) cal-
culations (Figure 6a–c). Specifically, the substitution of Zn 
with Ni atoms contributed to tuning the electronic structure 
around S atoms and increasing the bond length of S-Hads, 
thus balancing the adsorption and desorption of H atoms on 
S sites.

Compared with HER, the design principles of metal sulfides 
for CO2 photoreduction might be relatively complex due to the 
competitive mechanism between HER and CO2 reduction. 
Suppressed HER activity on metal sulfides is desired.[143] In 
general, the initial step for CO2 reduction involves the adsorp-
tion and activation of the linear CO2 molecule with high dis-
sociation energy, which is thermodynamically unfavorable 
for most metal sulfides.[144] Inspired by this idea, structural 

modulation, such as defect engineering, has been identi-
fied as a reliable and alternative strategy to lower the CO2 
molecule adsorption/activation energy.[145] In this scenario, 
unsaturated coordinated metal sites near the S vacancies serve 
as catalytic sites for CO2 adsorption and subsequent activa-
tion.[146] Apart from the low adsorption and activation barriers, 
the high selectivity for sustainable chemical products should 
also be considered. From a theoretical perspective, controlling 
the intermediates formed on the catalyst surface is crucial. 
Taking the reduction of CO2 to CO over SnS2 as an example, 
localization of electrons on Sn atoms caused by partial oxi-
dation could lower the CO2 activation barrier by stabilizing 
COOH*, as evidenced by DFT calculations, which revealed 
that the formation of COOH* was the rate-determining step 
(Figure  6d,e).[141] In addition to the modulated charge distri-
bution on the sulfide surface, the altered adsorption capacity 
induced by charge-enriched dual-metal sites also has a deci-
sive impact on highly selective photocatalytic CO2 reduction. 
Taking sulfur-deficient CuIn5S8 as an example, Li et al.[147] pro-
posed that the formation of a highly stable Cu–C–O–In inter-
mediate at the Cu–In dual sites could promote selectivity and 
optimize ΔG. In this case, the single metal site bonded with C 
or O atoms of the adsorbed CO2, leading to the formation of 
various reactive intermediates and CO, as well as some other 
hydrocarbon species, which contributed to the low selectivity. 
In contrast, the stable Cu–C–O–In intermediate may have 
been generated by linking both C and O atoms onto dual-
metal sites, leading to highly selective product hydrocarbon 
species (CH4) instead of CO.

The design principle of metal sulfides for N2 photofixa-
tion is similar to that for CO2 reduction, owing to the fact that 
both N2 and CO2 molecules are chemically inserted to some 
extent.[148,149] The rate-determining step is the dissociation of 
highly stable N≡N bonds, which is a bottleneck for the applica-
tion of metal sulfides in N2 photoreduction.[150] Along with the 
DFT calculations, multiple steps and complex procedures have 
been recognized.[142] As an example, the regulation of solvated 
electrons for NH3 synthesis via facet-dependent engineering of 
heterojunctions was explored by Zhang  et  al.[142] (Figure  6f,g). 
In this case, solvated electrons were capable of driving N2 
reduction and –N2H formation in the rate-determining step. 
In addition, defect engineering enables coordinatively unsat-
urated metal sites on metal sulfides for N2 chemisorption, 
thus reducing the energy barriers for N2 reduction.[151] Sulfur 
vacancies as active sites for N2 adsorption were constructed by 
Zheng  et  al.[151] and electrons trapped by the defects could be 
transferred to the π orbitals of adsorbed N2, resulting in the 
weakening of the N≡N bond and the subsequent formation 
of N2*. Simultaneously, H* released from the surface of the 
metal sulfides permits the sequential hydrogenation of N2 and 
the formation of *NNH. Accordingly, to achieve near-optimal 
activity and selectivity for N2 reduction, the structures of metal 
sulfides can be tailored via theoretical guidance to optimize ΔG 
for adsorbed molecules.

Before fully understanding the feasibility of metal sulfides 
for various applications, theoretical calculations of metal 
sulfide design are crucial. The role of theoretical analysis in 
pollutant removal is also highlighted. For instance, theoretical 
simulations found that the CdS/WS2 composite with a tunable  

Adv. Mater. 2022, 34, 2202929
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composition ratio has almost no bandgap compared to pure 
CdS and WS2, owing to the hybridization phenomenon of 
Cd 5s, W 5d, and S 2p orbitals.[152] Such a situation provides 
superior electrical conductivity for electron transfer from CdS 
to WS2, thereby contributing to the rapid decomposition of 
organic pollutants.

4. Artificial Photosynthetic Applications

Recent reports concerning metal sulfides have revealed that 
photoinduced electrons from metal sulfides enable a broad 
spectrum of solar-to-chemical reactions, mainly including 
photocatalytic H2 generation, CO2 reduction, and N2  

Adv. Mater. 2022, 34, 2202929

Figure 6. a) Calculated adsorption free energy of H* (ΔGH*) on the S atom. b) Crystal structure and c) schematic representation of H2 generation of 
pure ZIS and Ni-ZIS. a–c) Reproduced with permission.[139] Copyright 2020, Royal Society of Chemistry. d) Free energy diagrams of CO2 photoreduction 
to CO for various SnS2 atomic layers. e) Schematic representation of CO2 photoreduction of mildly oxidized SnS2 atomic layers. d,e) Reproduced with 
permission.[141] Copyright 2017, American Chemical Society. f) Relative energy changes for catalytic process of nitrogen reduction to ammonia by CdS@
LDHs. g) Mechanism for photocatalytic synthesis of ammonia. f,g) Reproduced with permission.[142] Copyright 2021, Elsevier.
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fixation, while photogenerated holes are responsible for 
organic oxidation or pollutant removal.[153–156] In this sec-
tion, several representative cases as well as the strengths and 
limitations of each application based on metal sulfides are 
described in detail.

4.1. Photocatalytic Water Splitting

Overall, water splitting into hydrogen and oxygen is viewed as 
a thermodynamically unsupported process with an increase 
in the Gibbs free energy (ΔG  = 237  kJ mol−1).[157] To simulta-
neously implement the HER and oxygen evolution reaction 
(OER), the CB position of the semiconductor must be more 
negative than the H+/H2 energy level, whereas the VB posi-
tion should be more positive than the O2/H2O energy level.[158] 
The light-harvesting capacity and favorable energy band of 
metal sulfides allow easy access to HER exploitation. None-
theless, the OER process on bare metal sulfides seems to be  
difficult to achieve because photogenerated holes are inclined to 
oxidize the lattice S ions, rather than split H2O into O2, which 
results in the loss of HER activity. Alternatively, various elec-
tron donors, such as lactic acid, methanol, Na2S, and Na2SO3, 
have been introduced to consume holes and boost the efficient 

HER, as summarized in Table 2, along with some novel cases 
without electron donors.

Some typical cases concerning the HER over metal sulfides 
in the presence of electron donors have been proposed. More 
attention can be paid to exploring metal-sulfide-based HER 
catalysts by consuming holes with sacrificial reagents.[173] As 
an example, an oriented built-in electric field was constructed 
inside P-doped CdS nanorods (NRs) by Huang et al.[126] H2 gen-
eration was promoted and an indispensable apparent quantum 
yield (AQY) of 8.2% under 420  nm irradiation was evaluated. 
This example is an astonishing case of non-metal doping 
(Figure 7a–c). The accelerated results unambiguously revealed 
that the surface P dopant was crucial for the construction of 
trapping sites in the redox reaction (Figure 7d,e). Qiu et al.[140] 
designed nickel-doped few-layer ZnIn2S4 (Ni-ZnIn2S4) 
nanosheets to accelerate charge transfer and expedite H2 gen-
eration (Figure 7f–h). The incorporation of Ni into the sulfides 
strengthened the photocurrent intensity, further demonstrating 
the suppression of charge recombination (Figure  7i,j). The 
experimental investigations revealed that the suitable band 
structure, superior electronic conductivity, and promoted light 
absorption endowed Ni-ZnIn2S4 with high HER activity, which 
agrees with the theoretical calculations. Shifting beyond the 
introduction of impurities, formation of a solid solution caused 

Adv. Mater. 2022, 34, 2202929

Table 2. Metal sulfides involved in photocatalytic H2 evolution.

Photocatalysts Light source Sacrificial agent H2 generation Reference

CDs/CdS-S AM 1.5 Lactic acid 6700 mmol g−1 h−1 Zhu et al.[60]

Pt-BP/CdS λ  ≥ 420 nm Lactic acid 24.17 mmol g−1 h−1 Feng et al.[159]

CdS-P λ  > 420 nm Na2S, Na2SO3 194.3 µmol mg−1 h−1 Huang et al.[126]

VZn-ZnS λ  > 420 nm Na2S, Na2SO3 337.71 ± 3.72 µmol g−1 h−1 Hao et al.[63]

N-ZnS 300 W xenon (Xe) lamp Lactic acid 243.61 µmol g−1 h−1 Tie et al.[160]

Cu3P/ZnS 250 W lamp Na2S, Na2SO3 14 937 µmol g−1 h−1 Rameshbabu et al.[64]

MnS/D-PCN 300 W Xe lamp Methanol 670.5 µmol g−1 h−1 Zhang et al.[65]

CoP/Mn0.2Cd0.8S λ  ≥ 420 nm Lactic acid 42.95 mmol g−1 h−1 Xiong et al.[161]

Mn0.2Cd0.8S/MnS λ  ≥ 420 nm Na2S, Na2SO3 995 µmol h−1 (0.05 g) Wang et al.[162]

Cu2S/CdS-DETA λ  ≥ 420 nm Na2S, Na2SO3 9.00 mmol g−1 h−1 (Pt) Li et al.[163]

Mo2C-In2S3 500 W Xe lamp Lactic acid 535.58 µmol g−1 h−1 Ma et al.[164]

GO/Fe2P/In2S3 Visible light Ascorbic acid 483.35 mmol g−1 h−1 Li et al.[76]

Ag-C3N4/SnS2 λ  ≥ 420 nm Na2S, Na2SO3 1104.5 µmol g−1 h−1 Zhao et al.[165]

SnS2/TiO2 300 W Xe lamp Methanol 652.4 µmol g−1 h−1 Sun et al.[166]

SnS2/g-C3N4 Visible light Na2S, Na2SO3 6305.18 µmol g−1 h−1 Jing et al.[167]

MoS2/CdS λ  > 400 nm Lactic acid 13 129 µmol g−1 h−1 Zhuge et al.[168]

WO3@MoS2/CdS 300 W Xe lamp Lactic acid 8.2 mmol g−1 h−1 Zhang et al.[169]

ZnCo2S4/g-C3N4 300 W Xe lamp Triethanolamine 6619 µmol g−1 h−1 Wang et al.[78]

Co9S8@CdIn2S4 AM 1.5 Na2S, Na2SO3 4604 µmol g−1 h−1 Yendrapati et al.[79]

Mn0.2Cd0.8S/NiWO4 λ  ≥ 420 nm Na2S, Na2SO3 17.76 mmol g−1 h−1 Feng et al.[80]

Cu2ZnSnS4 λ  > 400 nm Na2S, Na2SO3 68.68 µmol g−1 h−1 Wang et al.[170]

P-CdS LED None 76 µmol g−1 h−1 Shi et al.[120]

5%CoP/P-CdS LED None 231 µmol g−1 h−1 Shi et al.[120]

5CdS/MnOx–BiVO4 λ  > 400 nm None 1.01 mmol g−1 h−1 Gogoi et al.[171]

Carbon dots-CdS λ  ≥ 420 nm None 2.55 µmol h−1 (50 mg) Zhu et al.[172]
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by element doping is also pivotal in improving HER activity.  
Using solid solution CdMnS as an example, due to the tunable 
properties of both MnS and CdS, the functions of Mn–Cd–S 
solid solution and MnS in MnxCd1−xS photocatalysts for 
photocatalytic H2 generation were examined by Xiong et al.[161] 
The authors found that the MnCdS solid solution and 
α-MnS could co-exist in the MnxCd1−xS product (x  ≥ 0.3), in 
which MnS could serve as the recombination center of photo-
excited carriers.

As discussed in Section  3.2, the hole-consuming behavior 
induced by electron donors does not favor solar energy conver-
sion and storage. In this regard, complete suppression of the 
oxidation of lattice sulfur ions by an effective hole extraction 
mechanism is necessary to implement overall water splitting 
over metal sulfides. In one study, interstitial P-doped CdS with 
rich S vacancies was designed to suppress photocorrosion.[120] 
Water splitting in the absence of sacrificial agents was achieved, 
which could be attributed to the emerging impurity level of S 
vacancies. Further promotion of photocatalytic activity could 
be achieved via the deposition of a cocatalyst CoP (Figure 8a). 

In another case, carbon dots (CDs) were employed to enhance 
the stability of CdS for overall water splitting.[172] The proper 
band position of CDs-CdS for redox reactions allowed the pho-
toexcited electrons and holes to react with H2O, demonstrating 
the potential capability of CDs-CdS for overall water splitting 
(Figure 8b). Accordingly, CDs-CdS can be utilized to decompose 
water into H2 and O2, and the stoichiometric ratio of H2/O2 can 
be adjusted from 9:1 to 2:1 by modifying the CDs (Figure 8c,d). 
A rational content of CDs could accelerate O2 production by 
impeding the combination of holes with S2−, whereas excess 
CDs might cover the active sites, leading to poor H2/O2 produc-
tion with only a stoichiometric ratio of 2:1. The holes can be 
transferred to CDs and further react with H2O instead of lat-
tice S ion oxidation, generating superior stability during overall 
water splitting, which opens a new door for metal sulfides to 
motivate overall water splitting.

Generally, a well-established overall water splitting process 
refers to the formation of H2/O2 with a stoichiometric ratio of 
2:1. However, the H2:O2 ratio over metal sulfides with dopants 
or type I/II always deviates from the stoichiometric value of  

Adv. Mater. 2022, 34, 2202929

Figure 7. a) Transmission electron microscopy (TEM) image and b) high-angle annular dark-field image-scanning transmission electron microscopy 
(HAADF-STEM) image of CdS-P NRs. c) H2 generation of CdS-P NRs. d,e) Mechanism of charge carriers transfer inside CdS-P NRs. a–e) Reproduced 
with permission.[126] Copyright 2017, American Chemical Society. f) Calculated H2 absorption free energy of Ni-ZnIn2S4 and ZnIn2S4. g) Atomic force 
microscopy (AFM) image and h) corresponding height profile of Ni-ZnIn2S4. i) H2 generation and j) photocurrent curves of Ni-ZnIn2S4 and ZnIn2S4. 
f–j) Reproduced with permission.[140] Copyright 2021, Elsevier.
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2 due to a certain degree of S2− ion oxidation. Construction of 
dual cocatalysts confers increased durability to self-oxidation. 
For example, Gogoi et al. designed a robust photocatalyst based 
on CdS/MnOx-BiVO4/Pt, in which a step-scheme heterojunc-
tion was formed by the deposition of MnOx and CdS nanowires 
on the surface of decahedral BiVO4.[171] In this study, along with 
the optimization of the loading content, 5CdS/MnOx-BiVO4/
Pt showed the highest H2 and O2 generation rates of 1.01 and 
0.51 mmol g−1 h−1, respectively, consistent with the theoretical 
stoichiometric ratio (Figure  8e–g). In this system, MnOx and 
Pt are capable of capturing photogenerated holes and electrons 
for surface reactions, respectively, which helps to realize accel-
erated charge transfer and suppressed charge recombination 
(Figure 8h,i). This study via the integration of heterostructure 
engineering and deposition of redox cocatalysts, demonstrated 
the successful implementation of simultaneous H2 and O2 
evolution over metal-sulfide-based photocatalysts, further pro-
viding a novel and effective rational system for overall water 
splitting over metal sulfides.

Compared to the OER with sluggish four-electron kinetics, 
H2O2 generation from water oxidation via the two-electron 
pathway seems to be kinetically favorable. Nevertheless, the 
two-electron process toward H2O2 evolution (1.78  eV) is ther-
modynamically unfavorable with regard to four-electron O2 
formation.[175] Therefore, simultaneous H2 and H2O2 evolution 
with high selectivity seems promising but remains challenging. 
Using a sandwich-like P-doped h-BN (PBN)/ZnIn2S4 hierar-
chical heterostructure[176] as an example, superior photocata-
lytic H2 generation (59.46  µmol h−1) and photocatalytic H2O2 
evolution (122.82  µmol L−1 h−1) was achieved. This was attrib-
uted to the acceleration of charge carriers via the formation of 
the Z-scheme heterostructure and the built-in electric field. In 
another case, the simultaneous production of H2 and H2O from 
pure water was investigated by forming Z-scheme CdS@ZnIn2S4 
hollow cubes (Figure 9a–d).[174] Along with the intimate contact 
between CdS and ZnIn2S4, an internal electric field and direct 
Z-scheme structure were constructed, resulting in substan-
tially reduced decay lifetimes of CdS@ZnIn2S4 (Figure  9e–h).  

Adv. Mater. 2022, 34, 2202929

Figure 8. a) H2 evolution without sacrificial agents over P-CdS samples. Reproduced with permission.[120] Copyright 2017, Wiley-VCH. b) Band structure 
diagram for CDs-CdS. c,d) dependence of evolution of H2 and O2 from water on time course over CDs-CdS under visible-light irradiation. b–d) Repro-
duced with permission.[172] Copyright 2017, Elsevier. e–g) Evolution of H2 and O2 over CdS/MnOx-BiVO4. h) Band alignments of samples and i) proposed 
S-scheme mechanism of the 5CdS/MnOx–BiVO4 heterostructure under visible-light irradiation. e–i) Reproduced with permission.[171] Copyright 2021, 
American Chemical Society.
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In this study, the prepared CdS@ZnIn2S4 enabled the split-
ting of pure water into H2 and H2O2 with a stoichiometric 
ratio close to 1:1 under visible-light irradiation (Figure 9i,j). By 
visualizing interfacial and structural features of CdS@ZnIn2S4, 
an apparent quantum efficiency of 1.63% at 400  nm could be 
measured.

Metal-sulfide-based photosynthesis systems have been widely 
investigated for the catalysis of the HER coupled with water 
oxidation (four-electron O2 or two-electron H2O2 evolution). 
Modification strategies ranging from element incorporation 
to heterojunction engineering and loading of cocatalysts col-
lectively demonstrate the ability to achieve water splitting. Fur-
ther developments in the domain of water splitting over metal 
sulfides should focus on two aspects: i) an efficient hole extrac-
tion strategy with easy scaling-up operation and mild prepara-
tion conditions is required to prevent the self-oxidation of metal 

sulfides; ii) most of the water-splitting reactions based on metal 
sulfides are achieved using laboratory-scale particle suspension, 
which is not applicable for industrial production. Furthermore, 
the dispersion and subsequent collection of powdered metal 
sulfide in a suitable volume of water remains a huge challenge 
(the integrated particulate photocatalyst film may be a good 
alternative).

4.2. Photocatalytic CO2 Reduction

Photocatalytic reduction of CO2 to valuable hydrocarbons, 
including CH4, CH3OH, HCHO, and HCOOH, is an environ-
mentally friendly and sustainable strategy to achieve a carbon-
neutral future.[177–179] As for reaction mechanism, the electrons 
and holes migrate to the photocatalyst surface to participate in 

Adv. Mater. 2022, 34, 2202929

Figure 9. a) High-resolution transmission electron microscopy (HRTEM) image and b) corresponding atomic model of a CdS@ZnIn2S4 hollow cube.  
c) Zn K-edge X-ray absorption near edge structure (XANES) spectra and d) k3-weighted Fourier transform (FT) χ(k) function of the extended X-ray 
absorption fine structure (EXAFS) spectra for ZnIn2S4 nanosheets and CdS@ZnIn2S4 hollow cubes. e) Before contact, f) after contact, and g) photo-
generated charge-transfer process in Z-scheme mode. h) Normalized TA profiles probed at 500 nm for samples. i) H2 evolution and j) H2O2 generation 
by samples. a–j) Reproduced with permission.[174] Copyright 2021, Elsevier.
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CO2 reduction and OER, respectively. The OER half-reaction 
has been mentioned in Section  4.1. Here we focus on CO2 
photo reduction half reaction. Typically, the complicated reduc-
tion levels of hydrocarbon products indicate that high selectivity 
for a desired product is not easy to implement. In this scenario, 
metal sulfides with favorable band structures and tailorable 
electronic structures are expected to simultaneously improve 
charge separation and optimize selectivity.[38] Recent progress 
in the use of metal sulfides for photocatalytic CO2 reduction is 
presented in Table 3 and summarized in this section.

A composite combining CdS hollow spheres and monolayer 
N-doped graphene (NG) was fabricated. The tight adhesion 
of the two components contributed to the shortened charge-
transfer distance and improved photocatalytic CO2 reduction 
performance (Figure 10a,b).[182] Accompanied by the superior 
electronic conductivity of NG, the prepared sample could pro-
mote the generation of CO and CH4, which was four times 
higher than that of pure CdS hollow spheres (Figure  10c). In 
addition, the sample displayed high stability after 12 h of opera-
tion (Figure 10d). In this case, the advantages of hollow spheres 
and graphene were integrated to develop an advanced hybrid 
with rapid electron transfer and photothermal phenomena. 
Moreover, the light absorption of the prepared photocatalyst was 
broadened to the near-infrared region. The established close 
interface between NG and CdS was conducive to an enlarged 
contact surface area and a more valid pathway for charge trans-
portation and separation. Such findings demonstrated that the 
construction of heterojunctions is beneficial for enhancing the 
performance of photocatalytic CO2 reduction. In another study, 
CdS quantum dots (QDs) were coated into ordered macropo-

rous carbonaceous frameworks to promote photocatalytic CO2 
reduction.[181] The introduction of CdS on the skeleton signifi-
cantly promoted the absorption of CO2 and further lowered the 
CO2 activation energy barriers by stabilizing the *COOH inter-
mediate on the CdS QDs. The amine oxidation reaction was 
introduced to replace the H2O oxidation process and accelerate 
CO2 reduction. This resulted in pronounced CO2 reduction with 
an AQY of 2.9% for CO generation at 450 nm (Figure 10e–g).  
Additionally, the calculated lower energy barrier from CO2* to 
COOH* of CdS QD/NC compared to pristine CdS further con-
firmed the driving force of the material during the CO2 adsorp-
tion/activation process (Figure 10h). The abundant active sites, 
enhanced light absorption, high CO2 solubility, and low reac-
tion energy barrier collectively contribute to valid charge sepa-
ration and tailored CO2 reduction performance (Figure  10i). 
These cases exemplify that the issues concerning CO2 adsorp-
tion/activation with a large energy barrier may be tackled by 
designing productive strategies to construct and harness abun-
dant catalytic sites for photocatalytic CO2 reduction.

Efficient composites have been fabricated to design advanced 
structures to achieve sufficient CO2 activation for CO or CH4.[192] 
Using the synthesis of the MnS/In2S3 heterojunction as an 
example, type-II band alignment between p-type MnS and n-type 
In2S3 resulted in a stronger built-in electric field, facilitating 
charge transfer (Figure 11a).[185] Specifically, the extended visible-
light absorption as well as the promoted CO generation were 
confirmed through experimental data. In this case, stable CO 
generation proceeded, benefiting from the efficient charge migra-
tion between MnS and In2S3, and suppressed charge recombina-
tion (Figure 11b,c). Notably, uniformly dispersed Mn2+ and In3+ 

Adv. Mater. 2022, 34, 2202929

Table 3. Metal sulfides involved in photocatalytic CO2 reduction.

Photocatalysts Light source Reductant Product (performance) Reference

CuCdS 300 W Xe lamp H2O CO (8.5 µmol g−1 h−1)
CH4 (0.7 µmol g−1 h−1)

Cao et al.[180]

CdSQDa)/NCb) λ  ≥ 420 nm bpy,c) CoCl2, CH3CN, H2O CO (5210 µmol g−1 h−1) Wang et al.[181]

NGd)/CdS λ  ≥ 420 nm H2O CO (2.59 µmol g−1 h−1)
CH4 (0.33 µmol g−1 h−1)

Bie et al.[182]

VZn-riche) ZnS 300 W Xe lamp KHCO3, K2SO3 HCOOH Pang et al.[154]

Cd/ZnS:Cu Solar light KHCO3, K2SO3 HCOOH Meng et al.[183]

CdS/ZnS/Pt AM 1.5G H2O, TEOAf) CO (82 µmol g−1 h−1)
CH4 (37 µmol g−1 h−1)

Rangappa et al.[34]

Ni-doped ZnS AM 1.5G KHCO3, K2SO3 HCOOH Pang et al.[184]

MnS/In2S3 300 W Xe lamp CH3CN, TEOA CO (58 µmol g−1 h−1) Tan et al.[185]

In2S3@NH2-MIL-68(In)@In2S3 λ  > 420 nm bpy, CoCl2, CH3CN, TEOA CO (11.23 µmol g−1 h−1) Hou et al.[186]

TiO2/MoS2 350 W Xe lamp H2O CH4 (2.86 µmol g−1 h−1)
CH3OH (2.55 µmol g−1 h−1)

Xu et al.[187]

VZn-rich ZnIn2S4 AM 1.5G H2O CO (33.2 µmol g−1 h−1) Jiao et al.[188]

S-CN/ZISh) λ  ≥ 420 nm bpy, CoCl2, H2O, CH3CN, TEOA CO (970 µmol g−1 h−1)
H2 (606 µmol g−1 h−1)

Chen et al.[189]

3D-ZISg) AM 1.5G CH3CN, TEOA CO (276.7 µmol g−1 h−1) He et al.[190]

SnS2/3DOMi)-SrTiO3 300 W Xe lamp H2O CH4 (12.5 µmol g−1 h−1) He et al.[191]

SnS2/SnO2 λ  ≥ 420 nm H2O CO (48.01 µmol g−1 h−1) You et al.[144]

a)QD: quantum dot; b)NC: N-doped carbon; c)bpy: bipyridine; d)NG: N-doped graphene; e)VZn-rich: rich zinc vacancies; f)TEOA: triethanolamine; g)3D-ZIS: 3D hierarchical 
ZnIn2S4 nanosheets with rich Zn vacancies; h)S-CN/ZIS: g-C3N4 nanosheets/ZnIn2S4 nanosheets; i)3DOM: 3D ordered macropores.
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ions could result in the formation of p–n heterojunctions, and 
an associated strong built-in electric field favorable for photo-
generated carrier transfer and separation (Figure  11d). In par-
ticular, the tendency of electron transfer from MnS to In2S3 may 
be promoted when the Fermi levels of these two components are 
aligned. Subsequently, a higher CB might be obtained for MnS 
compared to In2S3, leading to a strong driving force for electron 
migration. The findings of this study provide a novel and simple 
pathway for designing a p–n heterojunction based on metal 
sulfides for photocatalytic CO2 reduction. In another case, an 
interesting In2S3@NH2-MIL-68(In)@In2S3 (denoted as SMS(In)) 
sandwich heterojunction was designed by Hou  et  al.[186] via in 
situ metal–organic framework (MOF) sulfidation, which exhib-
ited an outstanding CO generation under visible-light irradiation. 
The electrons migrated from the CB of In2S3 to NH2-MIL-68(In), 
driving the reduction of CO2 to CO in the presence of Co(bpy)3

2+. 
Such a design takes full advantage of metal sulfides and MOF, 
and is a novel strategy for constructing well-defined interfaces for 
photocatalysis.

Considering the pivotal role of the increased number of 
active sites for CO2 reduction, several investigations sought to 

construct multiple sites over metal sulfides for efficient CO 
evolution.[147] In one of these studies, a novel CdS with atomi-
cally dispersed Cu sites and S vacancies was constructed by 
Cao et al.[180] to efficiently catalyze CO2 reduction (Figure 11e). 
The extended X-ray absorption fine structure (EXAFS) results 
confirmed the existence of a CuS bond instead of a CuCu 
bond in the composite, theoretically confirming the atomic 
dispersion state of the Cu atoms. As expected, a threefold 
enhancement in CO generation was observed for CuCdS-5 
compared to pure CdS, demonstrating the superior ability 
of polymetallic sulfide CuCdS, which was attributed to the 
increased number of CO2 absorption sites, lowered disso-
ciative adsorption energy of CO2, and suppressed charge 
recombination (Figure  11f–h). Inspired by this finding, fab-
ricating metal sulfides with engineered active sites through 
electronic structure modulation is theoretically possible to 
suppress charge separation and accelerate CO2 reduction 
kinetics. Apart from the construction of photocatalysts over 
single metal sulfides, ternary metal sulfides have been deemed 
to be a reliable catalyst as well as accelerating redox reac-
tions.[190] Using ZnIn2S4 as an example, Jiao et al.[188] developed  

Adv. Mater. 2022, 34, 2202929

Figure 10. a) TEM image and b) HRTEM image of CdS/NG. c) Photocatalytic CO2 reduction performance of CdS, CdG1, CdG2, CdG3, and CdG5.  
d) Twelve-hour stability test of CdG2. a–d) Reproduced with permission.[182] Copyright 2019, Wiley-VCH. e) Visible-light-driven CO2 reduction integrated 
with selective benzylamine oxidation under various reaction conditions. f) Wavelength-dependent photocatalytic activity and the light absorption spec-
trum of the 3DOM CdSQD/NC, g) UV–vis diffuse reflectance spectroscopy spectra, and h) free energy diagrams for the adsorption and dissociation of 
CO2 of the samples. i) Proposed mechanism for the photocatalytic CO2 reduction coupled with selective arylamine oxidation on 3DOM CdSQD/NC. 
e–i) Reproduced with permission.[181] Copyright 2021, Wiley-VCH.
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defect-mediated electron–hole separation in one-unit-cell 
ZnIn2S4 layers with rich Zn vacancies, which aimed to obtain a 
high electron density and enhanced charge transfer (Figure 11i–l).  
As expected, stable CO generation of 33.2  µmol g−1 h−1  
over VZn-rich one-unit-cell ZnIn2S4 was observed, which was 
3.6 times higher than that of ZnIn2S4 with poor zinc vacancies 
(Figure  11m). This work describes the function of defects in 
enhancing charge separation and provides rational guidance for 
the design of metal sulfides (Figure 11n,o). As expected, inves-
tigations have revealed accessible and ideal platforms for the 
simultaneous reduction of CO2 and synthesis of clean energy.

As mentioned above, the main products of the photocatalytic 
CO2 reduction reactions are CH4 and CO. Other products, such 
as HCOOH and CH3OH, are preferred because of their higher 
added values. As an example, a high selectivity for formate 
generation efficiency (>85%) in inorganic aqueous solution 
was achieved by Pang  et  al.[154] using ZnS with Zn vacancies 
(VZn) as a photocatalyst. The VZn sites contributed to strength-
ening the photon absorption and acted as catalytic sites for 
CO2 adsorption and activation (Figure 12a–c). The reduction 
pathway of CO2 to formate was clarified by in situ attenuated 
total reflectance-infrared (ATR-IR) spectroscopy and DFT calcu-
lations (Figure 12d–f). A lower CO2 reduction barrier and inhib-
ited proton adsorption were indispensable for highly selective 
CO2 reduction. The findings were attributed to the novel cation 
vacancies (VZn) as active sites (Figure 12g). Such a case enables 

a deeper understanding of the functional mechanism of cation 
vacancies and a rational approach for the future development of 
promising photocatalysts with high selectivity.

Considering the high selectivity toward HCOOH generation, 
another photocatalyst, Cd/ZnS:Cu, with a narrower bandgap and 
efficient CO2 activation capacity, was developed, which involved 
the doping of Cu+ and introduction of Cd2+.[183] In this case, advan-
tages of the as-prepared structure include promotion of CB poten-
tial, and strengthened light sorption, convenient preparation, and 
low cost of material fabrication. In addition, the unique property 
of Cd ions toward Cd/ZnS:Cu enables the formation of Cd2+-
induced surface states, which can serve as reaction active sites 
for CO2 reduction and help to capture photogenerated electrons. 
Considering the CO2 adsorption and light utilization of photocata-
lysts, Cd/ZnS:Cu is an ideal candidate for future studies on pho-
tocatalytic CO2 reduction. Inspired by this engineering strategy, 
another ZnS:Ni nanocrystal was constructed for CO2 reduction. 
The prepared catalyst had an AQY of 59.1% at 340 nm and 5.6% 
at 420 nm for the reduction of CO2 to formate.[184] These experi-
mental studies have paved the way for an in-depth understanding 
of the functional mechanism of elemental doping.

Generally, CO2 photoreduction over metal sulfides aims to 
provide desirable C1 products with high selectivity. Several tactics, 
including defect or interface engineering, can reduce the adsorp-
tion/activation energies of CO2 molecules. Moving forward, some 
emerging deficiencies need to be addressed: i) C2+ products with 

Adv. Mater. 2022, 34, 2202929

Figure 11. a) HRTEM image, b) photocatalytic CO generation of MnS/In2S3, and c) AQY values and light absorption of 30 wt% MnS/In2S3. d) Pro-
posed mechanism of MnS/In2S3. a–d) Reproduced with permission.[185] Copyright 2021, Elsevier. e) Atomic structure of the CuCdS surface. f) Photo-
catalytic CO2 reduction over the samples, and g,h) DFT calculation of the relative energy of the CO2 dissociative adsorption on the surface of CdS (g) 
and CuCdS-5 (h). e–h) Reproduced with permission.[180] Copyright 2021, Royal Society of Chemistry. i) HAADF-STEM image of VZn-rich one-unit-cell 
ZnIn2S4 (ZIS) layers and j) intensity profile corresponding to the dark cyan arrow in (i), showing the abundant Zinc vacancies, k) corresponding crystal 
structure, l) SAED patterns, m) photocatalytic performance, and n) distribution of partial charge density near the edge of conduction band for VZn-rich 
one-unit-cell ZIS layers slab, o) proposed mechanism of the sample. i–o) Reproduced with permission.[188] Copyright 2017, American Chemical Society.
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higher added value relative to C1 chemicals are extremely desir-
able, although the C–C coupling reaction with higher energy 
input over metal sulfides is required; ii) hydrophobic treatment 
of metal sulfides to suppress their HER activity owing to the 
competitive mechanism between CO2 reduction and HER is 
always adopted, whereas H+ protons from H2O dissociation are 
necessary for CO2 hydrogenation, thus indicating that a balance 
between CO2 and H2O adsorption is required; iii) the tactics to 
improve the CO2 reduction activity in the emerging literature are 
only based on tuning reductive CO2 intermediate states, and the 
four-electron OER half-reaction is often overlooked.

4.3. Photocatalytic N2 Fixation

The energy consumed by the preparation of nitrogen-based fer-
tilizers accounts for 2% of the energy demanded by humans. 

Energy needed for the production of NH3 is the most signifi-
cant contributor.[193] The currently adopted method for NH3 evo-
lution is based on the traditional Haber–Bosch process, which 
requires harsh operating conditions (e.g., high temperature and 
pressure), thus failing to reduce energy input and carbon emis-
sions.[194] Artificial photosynthesis is an appealing approach for 
the synthesis of NH3 operating under ambient conditions.[195] As 
discussed in Section 3.3, the photocatalytic N2 reduction to NH3 
is motivated by photoexcited electrons accompanied by hole-
induced oxidation of H2O to O2.[155,196] However, the reported 
NH3 generation rates are relatively low (100  µmol g−1 h−1),  
which is closely related to low charge separation efficiency 
and sluggish N2 activation barrier.[197] On this basis, a number 
of studies concerning N2 photofixation via the exploitation 
of high-performance photocatalysts have been performed. 
Metal-sulfide-based materials are essential candidates for  
NH3-evolving photocatalysts. This section summarizes some 

Adv. Mater. 2022, 34, 2202929

Figure 12. a) Room-temperature electron paramagnetic resonance (ESR) spectra. b) Photocatalytic CO2 reduction and c) selectivity of the prepared 
ZnS samples etched with sulfuric acid. d) Time-dependent in situ attenuated total reflectance-infrared spectra over VZn-ZnS. e) Proton adsorption free 
energy versus the reaction coordinate of HER and f) Free energy diagram for the pathways of CO2 conversion into formate of the samples. g) Proposed 
mechanism for the photocatalytic CO2 reduction. a–g) Reproduced with permission.[154] Copyright 2019, American Chemical Society.

 15214095, 2022, 45, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202202929 by H
angzhou N

orm
al U

niversity, W
iley O

nline L
ibrary on [14/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



© 2022 Wiley-VCH GmbH2202929 (18 of 26)

www.advmat.dewww.advancedsciencenews.com

Adv. Mater. 2022, 34, 2202929

typical photosynthetic systems based on metal sulfides for N2 
photoreduction to NH3 in terms of adjusted metal sulfides. 
Detailed mechanisms are discussed with the aim of informing 
related investigations that will exploit the unique properties of 
metal sulfides.

A major central issue for N2 reduction is how N2 molecules 
can efficiently chemically connect with the catalytic sites on 
metal sulfides. This generated bond is a prerequisite for the 
subsequent activation process in which photoexcited electrons 
are transferred to N2 and the N≡N bond energy is weakened. In 
this sense, interface construction, including material-material 
or biological-material hybrids, is first considered because of its 
unique interface electronic structure. Material–material inter-
faces can be categorized as cocatalyst/photocatalyst and photo-
catalyst/photocatalyst interfaces. To begin, cocatalysts/photo-
catalyst interface is discussed. In general, the construction of a 
cocatalysts/photocatalyst interface lowers down the overpoten-
tial of the N2 reduction reaction and boosts surface N2 adsorp-
tion.[155] Using NiS/CdS interface as an example (Figure 13a), 
N2 immobilization on the surface of NiS/CdS was confirmed 
by theoretical calculation and thermal program desorption 
(TPD) of N2, under which such interface enabled NH3 genera-
tion of 2.8 and 1.7 mg L–1 within the first hour under simulated 

solar light irradiation and visible-light irradiation, respectively, 
accompanied by an AQY of 0.76% at 420 nm (Figure 13b,c).[155] 
Specifically, the reduced overpotential of N2 reduction and 
strengthened transient photocurrent intensity with the depo-
sition of NiS accelerated charge separation and suppressed 
charge recombination (Figure  13d), owing to the fact that NiS 
could serve as a bridge between catalyst and N2 molecules. Fur-
thermore, 15N labeling experiments confirmed that the evolved 
N2 molecules originated from N2 photoreduction. The syner-
gistic effect between the cocatalyst and photocatalyst is advanta-
geous for such a candidate for incident photon utilization and 
N2 adsorption/activation, indicating their promising prospects 
for NH3 generation.

In another case, a 0D/2D AgInS2/Ti3C2 Z-scheme structure 
was studied by loading AgInS2 nanoparticles on the surface 
of Ti3C2 nanosheets. An optimized N2 fixation performance of 
38.8  µmol g−1 h−1 under visible-light irradiation was detected 
(Figure  13e,f).[198] Specifically, the photoexcited electrons of 
AgInS2 could transfer to metallic Ti3C2 through ultrathin lay-
ered connection between AgInS2 and Ti3C2 because the formed 
Schottky junction could serve as an electron trap in the electrons 
capture process (Figure  13g,h). The co-existence of AgS and 
InS bonds might lead to the deformation of the tetrahedron 

Figure 13. a) HRTEM image, b) photocatalytic performance, and c) apparent quantum efficiency (AQE) of NiS/CdS under visible-light irradiation.  
d) Linear sweep voltammetry (LSV) of samples under an Ar and N2 saturated solution. a–d) Reproduced with permission.[155] Copyright 2019, Elsevier. 
e) Photocatalytic NH3 production, f) cycle test, and g,h) schematic illustration of AgInS2/Ti3C2. e–h) Reproduced with permission.[198] Copyright 2019, 
Elsevier. i) Photocatalytic NH3 production. j) Schematic illustration of the energy band structure and electron–hole separation of PANI@ZnIn2S4.  
i,j) Reproduced with permission.[199] Copyright 2020, Royal Society of Chemistry. k,l) Reaction scheme for N2 reduction to NH3 by nitrogenase and the 
CdS:MoFe protein biohybrids. m) Photochemical N2 fixation to NH3 by CdS:MoFe protein biohybrids. k–m) Reproduced with permission.[200] Copyright 
2016, AAAS.
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and the construction of an internal electric field. Conversely, the 
tight interface contact between these two materials can accelerate 
the accumulation of electrons on the surface of Ti3C2 and shorten 
the charge-transfer distance during the reaction process. DFT 
calculations confirmed that N2 activation in the end-on bound 
structure might result in high adsorption energy. Accumula-
tion of electrons due to the deposition of cocatalysts is impor-
tant because N2 fixation is a multiple charge-transfer process. 
Therefore, the construction of cocatalyst/photocatalyst interface 
is capable of inhibiting charge separation and promoting reduc-
tion. Notably, a complete cocatalyst/photocatalyst system com-
prising the advantage of efficient charge transfer is crucial for 
promoting the photocatalytic N2 reduction reaction.

In parallel with the above studies concerning cocatalyst/
photocatalyst interface, the importance of photocatalyst/photo-
catalyst interfaces in N2 fixation is non-negligible. Using 
polyaniline@ZnIn2S4 (PANI@ZnIn2S4) heterojunction as a 
model system, after designing strong interface interactions 
as expected, the integrated photocatalytic system showed an 
extraordinary evolution of NH3 (approximately 290 µmol L−1 h−1;  
Figure  13i).[199] Both polyaniline (PANI) and ZnIn2S4 could be 
excited under visible-light irradiation, and the photogenerated 
electrons migrated from the CB of PANI to the CB of ZnIn2S4 
(Figure  13j) to participate in N2 reduction and helping to sup-
press recombination and expedite the reaction. Accordingly, 
the combination of the PANI and ZnIn2S4 photocatalysts is 
an attractive strategy for designing effective photocatalysts for 
solar-to-chemical conversion. In this sense, it can be concluded 
that the reasonable coupling of some other semiconductors 
with ZnIn2S4 can facilitate charge transportation, increase light 
absorption, and strengthen N2 activation. Therefore, although 
the performance of pure ZnIn2S4 in photocatalytic N2 reduction 
is not ideal, the strong interface connection of the composite 
could take advantage of the broad light absorption and chem-
ical stability of the components, which is conducive for solar-to-
chemical conversion. In particular, we should pay attention to 
the design of modulated structures such as photocatalyst/pho-
tocatalyst composites over metal sulfides for N2 fixation, which 
is conducive for the implementation of industrial production.

Extending beyond material–material interfaces, biological-
material hybrids integrate the benefits of both biological 
enzyme catalysts and semiconducting nanomaterials. For 
example, a strengthened redox property was realized using 
a composite comprising CdS NRs and an FeMo nitrogenase 
enzyme.[200] The authors utilized CdS to photosensitize the 
MoFe protein, while ATP hydrolysis was replaced by light har-
vesting to simultaneously realize the enzymatic reduction of 
N2 to NH3 (Figure  13k,l). Accordingly, a turnover rate of 75 
per minute and an NH3 generation efficiency of 64% could be 
realized in this system (Figure 13m), which can be attributed 
to fact that photoexcited electrons could drive the catalytic 
process via the design of the composite. This study provided 
new ideas for the application of metal sulfides in NH3 genera-
tion through the formation of a semi-artificial photosynthetic 
system.

Essentially, the photosynthesis of NH3 using N2 as a feed-
stock over metal sulfides has been proven to be a reliable and 
appealing strategy. Benefiting from the tailorable structures and 
properties of metal sulfides, some impressive cases have shown 

that charge separation and N2 adsorption/activation of metal 
sulfides can be simultaneously realized via rational design and 
modification. Concerning this issue, future development is pro-
posed in the final section of this section: i) the yield of NH3 
over metal sulfides may suffer from side reactions, especially 
the thermodynamically favorable NH3 oxidation reaction, sug-
gesting that it necessitates a flowing device to separate the NH3 
molecules from photogenerated holes; ii) the currently reported 
NH3 yield over metal sulfide photosynthesis is far from the bio-
logical N2 fixation process at the expense of consuming ATP 
molecules, which indicates that a biohybrid based on metal 
sulfides/MoFe protein needs to be developed to improve NH3 
generation activity; iii) further investigations with metal-sulfide-
based photocatalysts combined with economic analyses are 
required to evaluate their actual importance.

4.4. Removal of Photocatalytic Pollutants

In addition to solar-to-chemical conversion using CO2, H2O, 
and N2 feedstocks, pollutant removal is an essential part of 
photocatalysis.[201–203] With suitable band structures and modu-
lated light utilization, metal sulfide photocatalysts are widely 
employed to degrade hazardous pollutants using radical species 
(•OH or •O2

−) via an adsorption–oxidation–desorption mecha-
nism. Table 4 summarizes some typical degradation reac-
tions and their corresponding performances for various metal 
sulfides. In this section, the correlation of the structural activity 
of these materials is discussed.

Heavy-metal removal in groundwater, especially hexavalent 
chromium (Cr(VI)), is a typical concern in environmental pro-
tection, for which metal sulfides have been sequentially inves-
tigated and employed. For instance, layered SnS2 with a hon-
eycomb morphology was studied concerning the promotion of 
Cr(VI) reduction. The enhanced activity was attributed to the 
existence of interconnected nanosheets and abundant surface 
defects.[209] Accordingly, layered SnS2 with an augmented sur-
face area and abundant surface reaction sites is a promising 
platform for exploring efficient photocatalysts for the degrada-
tion and expansion of intrinsic mechanisms. Given that inter-
face engineering enables an unique interfacial electronic struc-
ture, Zhang  et  al.[204] fabricated a novel Z-scheme CoSx/CdS 
for photocatalytic Cr(VI) reduction. Since the CdS (111) surface 
displayed a higher Fermi level than the CoS (100) surface, the 
electrons at the interface would transfer from CoSx to CdS until 
the Fermi level equilibrated. Such charge transfer contributed 
to the construction of a built-in electric field and the formation 
of a Z-scheme heterojunction at the interface (Figure 14a–d). 
Enhanced photocatalytic performance of Cr(VI) reduction was 
observed for CoSx/CdS owing to the constructed heterostruc-
ture and accelerated charge separation. In another interesting 
work, simultaneous Cr(VI) removal and H2O2 production were 
accomplished for resource and environmental restoration. 
Using a Bi2S3@CdS@RGO (BCG) composite as an example, 
a composite with multiple interfaces was fabricated for Cr(VI) 
reduction coupled with H2O2 production (Figure  14e–g).[156] 
The calculated bandgaps of Bi2S3 and CdS were 1.2 and 2.0 eV, 
respectively, and the favorable band alignment allowed the  
electrons from CdS could participate in the Cr(VI) reduction 
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reaction and H2O2 generation reaction, whereas the holes gen-
erated from CdS were consumed by the electrons from Bi2S3 
via the formation of the S-scheme heterojunction (Figure 14h). 
The findings open a new avenue for the application of various 
metal sulfides under visible light and NIR irradiation.

In addition to Cr(VI) reduction, metal sulfides have also been 
applied in the remediation of other pollutants. Advantages of 
p-type CuS as a model include narrow bandgap, inherent sta-
bility, and high redox potential. These advantages have spurred 
extensive studies of p-type CuS in photochemical pollutant 
removal. Yan et al.[207] designed a perylene diimide (PDI)/CuS 
supramolecular heterojunction for the tetracycline (TC) deg-
radation. A typical n-type semiconductor PDI with attractive 
electronic and optical properties was developed and combined 
with CuS. As expected, PDI/CuS enhanced TC degradation per-
formance, which was approximately 5.27 and 2.68 times higher 
than that of CuS and PDI, respectively. The findings could 
be attributed to the formed p–n heterojunction and highly 
ordered H-type π–π stacking of the composite. Furthermore, 
NIR absorption of PDI/CuS was observed, which was favorable 
for sufficient solar light conversion. The findings confirmed 
that such a two-step self-assembly strategy can be success-
fully utilized for the construction of organic–inorganic hybrid 
materials.

In addition to the degradation of TC, the photocatalytic per-
formance for oxytetracycline (OTC) degradation under visible-
light irradiation was also studied using MoS2/ZnS nanocom-
posites (Figure 15a–e).[206] In this study, many parameters, 
including solution pH and component ratio, were optimized 
to yield a superior OTC degradation efficiency up to 65–81% 
(Figure 15f,g). The calculated density of states and band struc-
ture confirmed that the same level of CBM and VBM could 
remain in contact with MoS2 and ZnS (Figure 15h,i). Typically, 
under light irradiation, the photoinduced electrons move from 
the CB of ZnS to the CB of MoS2, while the holes migrate from 

the VB of ZnS to the VB of MoS2. Subsequently, the photo-
generated charge carriers are involved in the degradation of the 
adsorbed OTC (Figure  15j). The outstanding performance can 
be ascribed to enhanced light absorption and delayed charge 
recombination caused by the built-in internal electric field. In 
another interesting work, integrating the best attributes of CuS 
(which has excellent photothermal property) and MoS2 (high 
thermal stability), the photocatalytic activity of hydroquinone 
(HQ) degradation over CuS/MoS2 within 240  min under sun-
light irradiation reached 84%, which was attributed to the mod-
ified electronic structure and efficient charge transfer.[206]

Removal of pollutants over metal sulfides enables the green 
decontamination of industrial and domestic wastewater. Ben-
efiting from the rational design of sulfides via strategies, such 
as heterojunction construction and morphology control, metal 
sulfides with advanced electrical and photocatalytic properties 
appear to be effective and promising for dealing with contami-
nants. Although progress has been achieved in this field, some 
emerging issues should be emphasized: i) more investigations 
concerning the functional mechanism of sulfur species are 
desired, which will clarify the photocatalytic active sites and the 
actual stability of sulfides in water; ii) eco-toxicity and kinetic 
model analyses of metal sulfide systems combined with eco-
nomic evaluation are necessary for practical applications; iii) 
the combination of metal sulfides with other technologies such 
as advanced oxidation processes (AOPs) should be considered 
to further strengthen the solar conversion efficiency and pol-
lutant removal efficiency.

5. Summary and Further Perspectives

We have outlined recent developments in artificial photo-
synthesis systems based on metal sulfides for solar-to-chemical 
conversion. The fundamentals of metal sulfides, including their 

Table 4. Removal of photocatalytic pollutants based on metal sulfides.

Photocatalysts Light source Pollutants Reference

Bi2S3@CdS@RGOa) 420 nm <λ < 800 nm K2Cr2O7/Cr(VI) Ghoreishian et al.[156]

CoSx/CdS Visible light K2Cr2O7/Cr(VI) Zhang et al.[204]

CQDb)/CdS-NSs 400 nm <λ < 780 nm K2Cr2O7/Cr(VI) Zhang et al.[201]

MoS2/CdIn2S4 Visible light Rhodamine B (Rh B) Zhang et al.[202]

CuS/MoS2 Natural sunlight Hydroquinone (HQ) Borthakur et al.[205]

MoS2/ZnS 250 W visible-light lamp Oxytetracycline (OTC) Gusain et al.[206]

PDIc)/CuS Visible light Tetracycline (TC) Yan et al.[207]

RGO-NiS 500 W tungsten halogen lamp Amido Black dye Muninathan et al.[208]

SnS2/g-C3N4 λ  ≥ 420 nm UO2/U(VI) Liu et al.[203]

R-SnS2
d) Λ≥ 400 nm K2Cr2O7/Cr(VI) Zhao et al.[209]

CoS2/MoS2@Zeolite λ  ≥ 420 nm Tetracycline Liu et al.[210]

Bi2S3/ZnIn2S4 30 W Xe lamp Methylene blue (MB) Chachvalvutikul et al.[211]

Bi2WO6/ZnIn2S4 50 W LED light Salicylic acid (SA), MB Chachvalvutikul et al.[212]

ZnIn2S4-based 100 W halogen tungsten lamp Atrazine Bo et al.[213]

Zn0.1Cd0.9S/Snln4S8 λ  ≥ 420 nm Rh B, imidacloprid (IM) Tang et al.[214]

a)RGO: reduced graphene oxide; b)CQD: carbon quantum dots; c)PDI: perylene diimide; d)R-SnS2: S-vacancy-rich SnS2.
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function mechanism, structures, properties, and preparation 
methods, are discussed in detail. Special attention has been 
paid to improving the stability and activity of metal sulfides 
by designing basic principles, which have a wide range from 
experimental design to theoretical simulations. Various pho-
tocatalytic applications of metal sulfides, and their emerging 
strengths and limitations, have been proposed. We believe that 
future opportunities for metal-sulfide-based photosynthetic 
devices also lie in the discovery of robust metal sulfides that are 
applicable in industrial-scale artificial photosynthesis.

Although we have witnessed the significant achievements 
in this domain of research, there is still room for improve-
ment. Several challenges remain to be addressed. The primary 
limiting factor of metal sulfides for commercial exploitation 
is the relatively low solar-to-chemical conversion efficiency. 
A well-established fact is that the solar-to-chemical conver-
sion efficiency beyond 10% is a prerequisite for industrial-

scale operations. This necessitates the exploitation of high-
performance and robust metal-sulfide-based photocatalysts. 
Recently, an oxysulfide photocatalyst, Y2Ti2O5S2 with an effi-
cient hole extraction mechanism, was discovered and applied 
to catalyze overall water splitting under visible-light illumi-
nation.[215] Such findings are inspiring but remain time-con-
suming via trial-and-error investigations. Recent revolutions 
in data science present a huge influence on artificial catal-
ysis in both industry and academia.[216] Machine learning as 
a branch of data science has achieved sustained success in 
molecular and materials science and looking ahead, we envi-
sion that machine-learning-assisted techniques undoubtedly 
lead to an acceleration of research for the discovery of metal-
sulfide-based catalysts and offer a powerful tool to deeply 
understand structure-activity interactions.

The product selectivity of metal sulfides should be promoted 
and analyzed in-depth. Taking CO2 reduction as an example, the 

Figure 14. a,b) Optimized crystal structure. c) Cr(VI) reduction and d) possible charge-transfer mechanisms of the system. a–d) Reproduced with 
permission.[204] Copyright 2020, Elsevier. e) HRTEM image of Bi2S3@CdS@RGO (BCG). f) Photocatalytic reduction of Cr(VI) by different samples.  
g) H2O2 production concentration of the samples. h) Proposed mechanism in the samples. e–h) Reproduced with permission.[156] Copyright 2021, Elsevier.
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selectivity of C1 products, such as HCOOH, CH4, and CO, was 
enhanced by manipulating the surface electronic configuration of 
the metal sulfides. However, the generation of C2+ chemicals with 
higher energy density and added value seems to be a bottleneck 
for metal sulfides because of the large barrier imposed by C–C 
bond coupling. Natural photosynthesis based on enzyme catalysis 
offers a model for the preparation of C2+ species with high selec-
tivity but fails to maximize the solar-to-product conversion and 
achieve continuous operation.[217] As such, the construction of 
photosynthetic semiconductor biohybrids can overcome the limi-
tations of an artificial photosynthesis based on metal sulfides and 
biological enzyme systems while offering high product selectivity, 
low substrate activation barriers, and efficient light utilization.

Moreover, more advanced characterization techniques 
should be developed and applied to investigate the under-
lying reaction mechanisms. An in-depth analysis of photocor-
rosion behavior in the absence of water has been insufficient 
since the well-accepted hole-induced oxidation process fails to 
provide solid evidence for the self-degradation mechanism of 
metal sulfides in a non-aqueous atmosphere. In light of this, 
some advanced techniques, such as in situ infrared spectros-
copy and in situ cryo-electron-microscopy, can be utilized to 
monitor photocorrosion behavior. Overall, benefiting from the 
constant progress in experimental and theoretical research, we 
are bound to explore a deployable method to simultaneously 
improve the activity and photostability of metal sulfides and tap 
into the related intrinsic mechanism.
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