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Abstract:

Pollution in the environment is a serious problem that threatens the ecosystems all over the world, and methods to
restore the environment have been developed. Metal sulfide-derived semiconductor (SC) photocatalysis has been
suggested as a possible method because of its favorable bandgap configurations, remarkable light-harvesting
activity, and excellent catalytic activity. In our work, current progresses of metal sulfide-derived photocatalysts
applied to the field of environmental remediation are comprehensively discussed. The basic ideas and unique
benefits of metal sulfide SC s are thoroughly examined. Various approaches to synthesis and modification, such
as doping, formation of heterojunctions, and vacancy engineering, are mentioned to counteract the intrinsic
limitations like fast charge recombination and photocorrosion. Special consideration is given to mechanisms of
photocorrosion and mitigation techniques like sacrificial agents and heterostructure fabrication. In addition to
idealized model systems, the paper reviews and critically discusses the impact of the real wastewater matrices
on photocatalytic performance, particularly the influence of coexisting inorganic ions, such as nitrates, sulfates,
and chlorides. Lastly, the field’s present technical difficulties, constraints, and potential are emphasized. A basic
framework and strategic approach for the development of high-performance metal sulfide photocatalysts meant
for environmentally sustainable remediation are presented in this paper.

Keywords: Metal sulfide photocatalysts, Photocatalysis, Wastewater treatment, Environmental remediation,
Heterojunction engineering
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Introduction

Growing industrialization, growth, and urbanization raised
serious environmental issues (1, 2). Due to poor management
and insufficient treatment of wastewater before it is released
into the environment, a large number of sources, especially
industrial waste, are the main contaminant of our aquatic
ecosystem. Poisonous dyes, antibiotics, insecticides, and
toxic compounds from a variety of industries, including
dyeing, printmaking, polymers, textiles, agriculture,
and nuclear waste, make up the substantial amount of
contaminated industrial effluent that endangers clean
water and poses a serious risk to aquatic ecosystems and
human health. The prevalence of air pollutants such as
volatile organic compounds (VOCs), toxic gases, and
pathogens in both outdoor and indoor environments has
become a global concern issue. Currently, various sectors,
including the Environmental Protection Agency (EPA)
and the World Health Organization (WHO), have urged
manufacturers worldwide to refrain from discharging
contaminated water. Consequently, numerous international
buyers have canceled orders from industries lacking
internationally standardized wastewater treatment facilities.
Additionally, significant research is focused on creating
solutions that can potentially resolve these challenges
both technically and economically (2). These include
adsorption (3, 4), precipitation (5), biodegradation (6, 7),
solvent extraction (8, 9), membrane separation (10, 11),
chlorination (12, 13), ozonation (14, 15), ion exchange
(16), and sono-degradation (17, 18). Although, there
are multiple adverse effects of these approaches, such as
high operating costs, scalability restrictions, hazardous
byproducts, and comparatively poor rates of elimination
and secondary waste management. Advanced oxidation
processes (AOPs), such as sulfate radical-based oxidation
(19), electrolysis (20), and photocatalysis (21), have been
extensively utilized in comparison to standard wastewater
treatment methods. Whereas photocatalytic degradation
of certain pollutants with solar energy has several benefits,
including environmental sustainability, cost-effectiveness,
high efficiency, and eco-friendly attributes.

Photocatalysis promotes pollutant decomposition using
light-activated, semiconductor (SC)-mediated ~AOPs
(22, 23). Electrons (e”s) are induced from the valence
band (VB) to the conduction band (CB) when the SC
photocatalyst is exposed to light energy higher than or
equal to its bandgap (Eg), leaving holes (h™) in the VB.
After migrating to the catalyst surface, these photogenerated
charge carriers (e"-h%) underwent significant redox
reactions (reduction/oxidation reaction) with ambient
oxygen molecules (O) and adsorbed water (H,O), resulting
in the production of highly reactive oxygen species (ROS),
such as superoxide radicals (-O,) and hydroxyl radicals
(OH). These non-selective, high-energy radicals react
with targeted organic pollutants, such as synthetic dyes or

antibiotics, breaking them down into transient intermediates
before mineralizing them into harmless end products like
H;0, CO,, and simple inorganic ions. To date, multiple
SC photocatalysts for environmental pollutant degradation
have been intensively studied. The wide Eg, stable, non-toxic
metal oxides, e.g., titanium dioxide (TiO;) (24) and zinc
oxide (ZnO) (25), but restrict their activation to UV light.
Bismuth-based multi-component oxides and oxyhalides,
such as BiVOy (26) and BiOBr (27), show unique layered
crystal structures causing internal electric fields (IEFs)
to segregate charge carriers to better capture the visible
spectrum. Despite their extensive usage, non-sulfide SC
photocatalysts have fundamental restrictions that limit their
efficiency. Such as fast e"~h™ recombination and activate
mostly in the UV range, using merely 3%-5% of the solar
spectrum. BiOBr has a layered crystal structure resulting
in an IEF help for better charge separation, but its CB edge
is thermodynamically too positive, depleting the reducing
power of photogenerated e~ s required to drive key surface
reactions like -O radical generation.

Metal sulfide-based SCs, including CdS, ZnS, In,Ss3, and
MoS;, are regarded as highly effective photocatalysts due to
their favorable Eg and superior electronic properties (28-
32). Many metal sulfide have a narrow Eg that results from
S 3p orbitals (33), in contrast to broad bandgap metal
oxides. This allows for effective absorption of visible light,
which makes up around 43%-45% of sunlight, with a strong
quantum size impact. Furthermore, compared to oxides
and oxyhalides, these materials CB edges are often much
more negative (34). This property gives photogenerated
e~ s significant reducing power, which allows them to
support difficult processes like the evolution of hydrogen
(H;) and the destruction of pollutants. High charge-carrier
mobility supports this increased thermodynamic driving
force. The less electronegative sulphur (S>~) anions provide
a hybridized VB that facilitates rapid e-transport, hence
reducing the harmful e~ -h™ recombination bottleneck seen
in other materials. However, photocorrosion, aggregate
formation in aqueous conditions, leaching of hazardous
metal ions, and quick recoupling of photogenerated e™-h™
couples are obstacles to the use of metal sulfide (35). Since
the toxicity of inorganic nanostructured photocatalysts in
wastewater treatment reactions is frequently disregarded, the
environmental friendliness of metal sulfide photocatalysts
should be evaluated not only on their degradation capacity
but also on their subsequent impact on the treated water
(36). After the photocatalytic process, recovering the catalyst
is a significant difficulty since it is very hard to extract the
full amount from the reaction solution (37). Specifically,
traditional metal chalcogenide systems frequently have low
reusability and need intricate recovery processes. Potentially
hazardous metals can build up in the environment over
time in the unrecovered portion of the treated effluent.
For example, a study found (36) that harmful Cd** ions
are released from CdS because of its poor photocorrosion
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stability, while another study (38) found that around 20%
of the cadmium leaches from CdS nanoparticles within a
day. These suspended or dissolved metals can interact with
different molecules and substrates found in natural water
bodies and wastewater, where photo dissolution caused by
sunshine speeds up the release of dangerous cadmium (39).
As a result of their ongoing buildup, metal concentrations
may rise over acceptable thresholds, poisoning the water (38).
Therefore, the potential of secondary metal contamination
must also be taken into account; a photocatalyst cannot
be regarded as ecologically beneficial based just on its
capacity to remove organic pollutants. Therefore, methods
like immobilisation or protective coatings are needed to stop
the catalyst from leaking into the environment and to get rid
of any possible secondary contamination (40).

These limitations can potentially be restricted by
synthesizing metal sulfide using a significant synthesis
technique as well as modification techniques. For example,
Li et al. used a hydrothermal technique to synthesize metal
sulfides/MXenes abundant in sulfur vacancies (SVs) for the
effective photocatalytic stimulation of peracetic acid (PAA)
and removal of contaminants (41). The system demonstrated
rates for tetracycline hydrochloride (TCH) degradation,
which were 10 times better than the ZnCoS/PAA group.
The extensively generated SVs, caused by the incorporation
of TizC, into ZnCoS, significantly enhanced activity by
concurrently facilitating light absorption, photocharge
separation, and PAA activation. Thus, preserving shape,
structure, morphology, size, and defect states is an essential
initial step in the synthesis of metal sulfides to ensure
optimal performance. There are several methods that have
been thoroughly addressed in the current review articles.
Furthermore, the performance of the metal sulfide was
improved through the utilization of various modification
techniques such as doping (42), vacancy creation (43),
heterojunction formation (44), etc., discussed in this
review article. For instance, Song et al. efficiently produced
CuS/ZnS and CuS/CdS composites from elemental powders
despite the need for additional chemicals or solvents
(45). The degradation efficiencies of methylene blue (MB)
and rhodamine B by CuS/ZnS and CuS/CdS composites
exceeded 95% after 30 min, whereas the degradation
efficiency of methyl orange surpassed 85% in 90 min.
Their photocatalytic qualities can be enhanced by quantum
confinement phenomena, making them useful materials
for dye degradation. Finally, we have discussed the use of
metal sulfide or metal sulfide-based SC photocatalysts in
environmental remediation, specifically their effectiveness
in eliminating a variety of environmental contaminants. We
have also highlighted prospects, emphasizing the need for
more research to enhance other metal sulfide properties.

The first part of this research looks at the many kinds of
pollutants that contaminate our environment and the harm
they do to ecosystems. The intrinsic benefits of metal sulfide
SC photocatalysis are then discussed in more detail. Synthetic

techniques and modification tactics are described to increase
catalytic activity. Additionally, a summary of the connection
between active sites and photocatalytic applications in the
metal sulfide-based pollution removal method is provided.
Lastly, the main problems and difficulties related to metal
sulfides are emphasized. This review aims to offer a
comprehensive understanding of metal sulfides within the
context of photocatalysis.

Properties of metal sulfides

Generally, the metal sulfides are composed of sulfur anions
coordinated with metal cations and are classified into
binary metal sulfides (CdS and SnS,), ternary metal sulfides
(ZnIn,S4), and polynary systems. They have emerged as
considerable visible-light-responsive photocatalysts due to
their distinctive electronic properties and light-harvesting
capabilities. Their narrow band gap energies facilitate the
extensive absorption across the visible region, thereby
promoting the photogeneration of charge carriers for
photocatalytic reactions (46). Notably, these photoinduced
electrons accumulated in the CB of metal sulfides, thereby
exhibiting strong reducing power. Additionally, these
electrons participate in the reduction reaction owing to
their electron-donating attributes while suppressing the
electron-hole recombination. Simultaneously, this enhanced
the charge separation and redox kinetics, thereby improving
the potential of metal sulfides for photocatalytic applications
(47). Furthermore, the quantum confinement effects of
these materials offered tunable electronic properties,
prolonged carrier lifetime, and efficient charge utilization,
thereby enhancing the photocatalytic performance (48). For
illustration, among the II-VI SC family, CdS has emerged as
a visible-light-responsive photocatalyst owing to its narrow
band gap (~2.4 eV), which ensures the efficient utilization
of the solar spectrum, and a strongly negative CB (49).
Generally, it consists of two phases: hexagonal wurtzite
and cubic blende. Among these, the hexagonal wurtzite
structure exhibited superior photocatalytic performance,
attributed to its particle size, surface area, and enhanced
adsorption properties (50). Moreover, integrating both
phases into one photocatalyst promotes charge migration
and efficient separation of charges (51). Another widely
investigated metal sulfide photocatalyst is n-type SnS,,
with a narrow band gap (~2.1 eV), suitably sufficient for
efficient solar light harvesting. Besides, it exhibited a layered
crystal structure, where a tin layer is tightly confined within
two sulfur layers, promoting charge separation, thereby
enhancing photocatalytic efficiency (52, 53). In addition,
among ternary metal sulfides, ZnIn,S4 comprises cubic,
hexagonal, and trigonal crystal structures as represented in
(Figure 1). Among these, hexagonal has been extensively
studied, owing to its synthesis under mild conditions (54).
Hexagonal ZnIn;S4 owns a narrow band gap (2.29 eV) and
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FIGURE 1 | Representation of the crystal structure of ZnIn,S,4 polymorphs: (a) hexagonal, (b) cubic, (c) rhombohedral (54).

a unique S-Zn-S-In-S-In-S layered structure, efficient for
photocatalytic performance (55, 56). Besides, the polynary
metal sulfides, CuyZnSnSy, comprise a ZnS-derived-centerd
tetragonal crystal structure. The lattice is characterized by
each sulfur atom tetrahedrally coordinated by four metal
cations, establishing a robust 3-D highly ordered atomic
network (57). Overall, the results highlight the thorough
comprehension of the basic characteristics of metal sulfides,
improving the effectiveness of photocatalytic conversion and
light absorption.

Photocorrosion mechanism and
suppression strategies

Photocorrosion is a major obstacle for metal sulfide
photocatalysts because the photo-generated charge carriers
that eliminate pollutants also attack the SC lattice (58).
For CdS-type sulfides, the primary mechanism is hole-
induced oxidation: surface-accumulated holes oxidize lattice
sulfide ions (S?7) into elemental sulfur (S°) and/or sulfate
(SO4%7), causing the metal cation to leach into the solution
and gradually destroying the active surface. This process
is heavily dependent on dissolved oxygen. In an aerated
aqueous medium, the overall corrosion reaction is CdS
+ 20, — Cd** + SO427, proceeding via CdS + 4h* +
2H,0 + O, — Cd?*t + SO42~ + 4H™. Conversely, in
the absence of oxygen, only two holes are required, and
the product is elemental sulfur (CdS + 2h™ — Cd**
+ S). This dependence on oxygen is directly relevant to
wastewater treatment, where dissolved O2 is ubiquitous,
causing the more destructive sulfate-forming pathway to
dominate. Corrosion is also strongly pH-dependent: acidic
media accelerate Cd** leaching, whereas alkaline conditions

inhibit dissolution and stabilize the catalyst. Sacrificial agents
(such as Na;S/NaySO3 or organic substrates acting as
electron donors) mitigate corrosion by consuming photo-
generated holes more rapidly than water does. This is
because of their less positive oxidation potentials, thereby
protecting the sulfide lattice (58, 59). However, the most
robust strategy involves structural modifications such as
heterojunction formation, doping, co-catalyst loading, and
morphology or crystal engineering, all of which mitigate hole
accumulation on the sulfide surface or stabilize the lattice.
One example is the hybridization of CuS with an amino-
functionalized Ti-based MOF, NH,-MIL-125 (NM125), to
create a Z-scheme heterojunction for photocatalysis under
natural sunlight (60). ICP-OES monitoring of Cu?* leaching
revealed that pure Cus$ released 229 ppm of Cu?* after 10 h
of visible-light exposure, whereas NM125@CuS(9.1) released
less than 6.78 ppm under identical conditions. This occurred
because photogenerated electrons from the MOF recombine
with holes in the CuS VB, and the released Cu?* remains
bound through coordination with amine groups. S 2p XPS
analysis further confirmed this, as after 10 h of exposure, the
content of elemental S° in pure Cu$ rose from 14% to 33%
(due to the oxidation of $>~ by holes (CuS + 2h+ — Cu?* +
S). Whereas in NM125@CuS(9.1), it increased only from 8%
to 10%, which is direct evidence of the suppression of hole-
induced photocorrosion within the heterostructure. Another
approach involves the Ag-mediated Z-scheme NiO/Ag/CdS
heterojunction, where Ag nanoparticles at the NiO/CdS
interface act as an electron-transfer bridge (61). This
facilitates interfacial recombination between holes generated
in the CdS VB and electrons arriving from the NiO CB,
thereby completely suppressing the self-oxidation of CdS.
Cyclic durability testing confirmed this protection: after 9
h of continuous reaction (three cycles), the NiO/Ag/CdS
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composite retained 88.1% of its initial hydrogen-production
activity, whereas pure CdS retained only 21.9% due to severe
photocorrosion. Post-durability XRD analysis revealed no
significant changes in the position or intensity of diffraction
peaks, confirming the stability of the crystal structure. SEM
imaging showed that the 1D rod-like CdS morphology
and the composite structure with NiO remained intact,
showing no signs of aggregation or corrosion. Overall,
these studies confirm that heterojunction engineering is
an effective and general strategy for creating durable,
photocorrosion-resistant metal sulfide photocatalysts by
extracting holes from the sulfide lattice. Overall, this
mechanistic and spectroscopic information demonstrates
that the photocorrosion of metal sulfides is driven by hole-
mediated sulfide oxidation, controlled by pH, dissolved
oxygen, and sacrificial agents and can be effectively prevented
through appropriate heterostructure design.

Synthesis methods

Different synthesis methods have been used to prepare
the metal sulfides, which have different compositions,
morphologies, and structural properties. The synthesis
pathway is of great importance to the physicochemical
properties of the product sulfides and therefore their
potential uses. These include commonly used methods
such as hydrothermal, solvothermal, co-precipitation,
chemical vapor deposition (CVD), microwave-assisted, and
other solution- or vapor-based methods. The following
sections discuss these synthesis methods and highlight
representative studies reported for the preparation of metal
sulfide materials.

Hydrothermal method

One of the most often used methods for preparing metal
sulfides is the hydrothermal process, which makes it possible
to create nanostructured materials with a variety of surface
morphologies and significant porosities. The basic steps are
the dissolution of metal salts and a sulfur compound in
an aqueous solution and the transferring of the reaction
mixture into a closed Teflon-lined autoclave. At elevated
temperatures, the sealing reaction system promotes the
nucleation and growth of the metal sulfide structure (62). The
adaptability of the physicochemical characteristics of the final
products, which may be accurately modified by adjusting the
synthesis settings, is a unique advantage of this approach. The
reaction temperature, the pH, the pressure, and the reaction
time can have a critical influence on the growth behavior of
the material and consequently its morphology. Therefore, the
hydrothermal method has been widely used to prepare metal
sulfides with structural parameter control. As a representative
example of hydrothermal synthesis,

Peng et al. reported the preparation of montmorillonite-
supported MoS,/CdS heterostructure (Mt@MoS,/CdS)
by directly growing MoS; nanosheets (NSs) and CdS
nanoparticles on the surface of montmorillonite by the
hydrothermal method. Typically, sodium molybdate,
cadmium acetate, and thioacetamide were dissolved in
the deionized water (DIW), and montmorillonite was
added to the mixture (63). The obtained suspension was
transferred to a Teflon-lined autoclave and autoclaved at
200 °C for 24 h. The final Mt@MoS,/CdS-7 composite
was achieved after washing and drying. An illustration of
the hydrothermal synthesis process is shown in Figure 2a.
Herein, SEM analysis of MoS;/CdS-7 revealed agglomerated
heterostructure particles of varying sizes, with MoS;
grown on the CdS surface. The TEM also showed that
CdS nanoparticles were coated by MoS, NSs (Figure 2b).
Furthermore, TEM and HRTEM images of Mt@MoS,/CdS-7
(Figure 2c) showed that montmorillonite-assisted hetero-
assembly of MoS, nanosheet and CdS nanoparticle resulted
in smaller particle size and better dispersion than that
of MoS,/ CdS-7. The photocatalytic performance was
estimated by the degradation of Rhodamine B under
visible light, in which Mt@MoS,/CdS-7 showed 98.8%
degradation in 45 min.

In another method, Mulu et al. prepared MoS, NSs
through a facile and green hydrothermal approach using
L-cysteine as both the sulfur source and capping agent (64).
A typical synthesis involved dissolving 2.0 g of (NH4)-
Mo0,024-4H20 and 4.0 g of L-cysteine in 50 mL of DIW,
then sonicating the mixture for 30 min to get a clear solution.
The resulting mixture was subsequently transferred into a
100 mL stainless-steel autoclave and heated at 200 °C for
12 h. The hydrothermal treatment facilitated the formation
of layered MoS, structures, while the use of L-cysteine as
the sulfur precursor provided a greener synthetic route. The
morphology of the obtained product was examined using
SEM and TEM analyses. SEM images (Figures 2d, e) revealed
an aggregated surface with a relatively rough texture, whereas
TEM observations confirmed the formation of sheet-like
MoS, NSs. Furthermore, the TEM images demonstrated
the presence of few-layered and aggregated MoS, structures
synthesized through the hydrothermal process.

In general, the reported studies have demonstrated the
efficiency of the hydrothermal method to synthesize metal
sulfides and heterostructures based on them of various
shapes. These composites of MoS; and MoS,/CdS supported
on montmorillonite have been successfully made, and
the method offers great flexibility for the preparation of
photocatalytically active metal sulfide materials.

Sol-gel method

The sol-gel method is regarded as one of the simplest
and most widely utilized approaches for the synthesis of
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FIGURE 2 | (a) Schematic illustration depicting the hydrothermal synthesis process of Mt@MoS,/CdS. TEM images of (b) MoS,/CdS-7 and (c)
Mt@MoS,/CdS-7 provide insight into the morphology of the synthesized composites (63), and (d, e) present representative SEM images of the
NSs recorded at different magnifications, highlighting their morphological features (64).

metal sulfides. The technique involves the transformation required material. The synthesis is generally achieved by
of the metal sulfide sol to a gel network by forming dissolving a metal salt precursor in an appropriate solvent

metal-sulfur-metal linkages that are then dried to form the and subsequently slowly adding a sulfur source (usually
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sodium sulfide) to drive the formation of the sol (46). The
porous metal sulfides can be prepared under relatively simple
conditions as a result of the controlled transformation of the
sol into the gel. Besides the preparation of pure materials,
the sol-gel method is also well suited to incorporate both
metal and non-metal dopants; hence, it is a versatile method
for the tailoring of the properties of metal sulfides. Owing
to its simplicity and adaptability, a variety of metal sulfide
photocatalysts have been prepared using the sol-gel process,
as illustrated by the representative studies discussed below.
In this context, Singh et al. employed a sol-gel approach to
fabricate Ag-CdS@Pr-TiO; core-shell nanoparticles, where
Ag-doped CdS functioned as the metal sulfide core and Pr-
TiO, constituted the shell layer. The synthesis started by
dispersing 1 g of Ag-doped CdS nanoparticles in ethanol
and then adding drop by drop a mixture of TiO, and
Pr;(SO4)3 solution (65). The suspension was then aged for
20 h to promote the formation of the core-shell structure.
The product was later separated by centrifugation and was
carefully washed to remove remaining impurities and dried
at room temperature and ground into fine powder to get
the final Ag-CdS@Pr-TiO; composite. In order to investigate
the structural and morphological characteristics of the
synthesized material, a variety of methods were employed.
However, the XRD analysis showed the formation of highly
crystalline nanoparticles, and the SEM images (Figures 3a, b)
showed that the particles were mostly spherical with a
certain amount of agglomeration and incomplete separation.
Based on the reported observations, the size of the particle
was between 10 and 30 nm. Moreover, HRTEM analysis
is also used to gain further insight into the morphology
and successfully confirmed the formation of the core-shell
architecture as shown in (Figures 3¢, d). The Ag-CdS@Pr-
TiO, nanoparticles’ photocatalytic activity was examined
by the degradation of methyl orange under visible-light
illumination. The synthesized composite showed effective
photocatalytic performance with complete discoloration of
the dye in 30 min and can be used for photocatalytic activity
under visible light.

In another work, Sankar et al. prepared Ni-doped CdS
nanoparticles using the sol-gel technique with different
Ni concentrations (0.5%, 1.0%, 1.5%, and 2.0%) to find
the effect of Ni incorporation on the structural, optical,
and morphological properties of CdS. The synthesis was
performed by the preparation of a cadmium precursor
solution containing 0.15 M of cadmium acetate in methanol,
and then a second solution containing 0.15 M of nickel
chloride in water was prepared. The nickel precursor solution
was slowly introduced into the cadmium solution and stirred
continuously for 85 min until a homogeneous and close-
to-transparent solution was formed (66). The precipitate
obtained was washed, filtered, dried at 100 °C for 24 h and
then sintered at 450 °C for 2 h to get the final Ni-doped
CdS nanoparticles. Average crystallite sizes of synthesized
samples were in the range of 8.70-9.93 nm. SEM analysis

of the Ni (1.5%) doped CdS sample (Figures 3e, f) revealed
a combination of rod-like and cube-like structures with
unequal grain sizes in the range of 12-35 nm. HRTEM
was also used to gain further insight into the morphology,
and the Ni-doped CdS nanoparticles showed a spherical
morphology. The HRTEM observations also confirmed the
formation of porous spherical clustered nano-assemblies. In
addition, optical characterization revealed a gradual decrease
in band-gap energy from 2.36 to 2.29 eV with increasing Ni
doping concentration.

The above-mentioned studies illustrate the flexibility of the
sol-gel technique to prepare materials based on metal sulfides
in different compositions and architectures. The synthesis
of core-shell nanoparticles and doped nanostructures is the
realization of the potential use of this approach to the
structural and optical tailoring of metal sulfides.

Chemical vapor deposition method

Chemical vapor deposition is an extensively used vapor-
phase synthesis technique in which the formation of a
solid is achieved by a chemical reaction between gaseous
reactants on or near a heated surface of the substrate (67).
The solid material formed can be deposited as a thin film,
powder, or even a single crystal, and its properties can be
adjusted by changing the substrate material, the substrate
temperature, the composition of the reaction gas, the total
pressure during the deposition, and the conditions of the gas
flow. One of the key benefits of CVD is its excellent throwing
power and allows for uniform and property coatings on
complex geometries, even. Moreover, the technique provides
the ability to deposit selectively or locally onto patterned
surfaces (68). Because of these merits, CVD has become an
attractive process for the production of advanced functional
materials. Specifically, it is now widely used for the synthesis
of high-quality two-dimensional transition metal sulfides and
other metal sulfide systems of well-controlled morphology
and crystallinity. In this direction,

Fu et al. synthesized a flower-like Cu,O@CuS core-
shell composite through a two-step strategy involving
hydrothermal preparation of Cu,O followed by in-situ
CVD sulfurization (Figure 4a). This method involved pre-
synthesizing Cu,O and then treating it with sulfur vapor at
200 °C under an N2 atmosphere, which resulted in in situ
growth of a CuS shell on the CuyO surface (69). A series
of CuO@CuS composites were obtained by varying the
CuyO-to-sulfur mass ratio during the sulfurization process.
SEM observations revealed that the pristine Cu, O possessed
a well-defined hexapetalous flower-like morphology with a
smooth surface (Figure 4b). Following the CVD treatment,
CuS was successfully deposited onto the Cu,O surface in
the form of stacked NSs, forming a distinct core-shell
architecture while preserving the overall flower-like structure
(Figure 4c). The formation of the CusS shell not only changed
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FIGURE 3 | (a, b) represents the SEM images of Ag-CdS@Pr-TiO, core/shell nanoparticles, highlighting their surface morphology. (c, d)
Show the HRTEM images of the Ag-CdS@Pr-TiO, nanocomposite recorded at different magnifications, providing further insight into the nano-
structural features of the material (65). (e, f) Represent the SEM images of Ni (1.5%) doped CdS nanoparticles, illustrating the morphological
characteristics of the doped CdS system (66).

the surface morphology but also provided light absorption prepare the Cu, O@Cus core-shell photocatalysts with higher
and better separation of the charge carriers generated by activity and stability.

the light to enable better separation. The study showed that Furthermore, Buckingham et al. synthesized CdS thin
in-situ CVD sulfurization can be an effective method to films using aerosol-assisted chemical vapor deposition
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FIGURE 4 | (a) lllustrates the synthesis route employed for the preparation of Cu,O@CuS composites. High-resolution SEM images of (b) Cu, O
and (c) Cu,O@CuS-3 depict the morphological evolution following the formation of the CuS shell (69), and (d, e) present representative SEM
images of CdS films deposited on glass substrates via AACVD from complex 3 at 220 and 350 °C, respectively, demonstrating the morphology
of the resulting CdS films under different deposition temperatures (70).

(AACVD) from cadmium (II) ethyl xanthate-based single- silica-coated glass substrates (70). The morphology of CdS
source precursors. Both the deposition temperatures, 220 and was found to be very sensitive to the deposition processes,
350 °C, led to the formation of crystalline CdS films on as shown by SEM analysis. When CdS films were prepared
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using precursor compound 3-methylpyridine, the resulting
CdS film was found to have a dense, plate-like structure
at 220 °C (Figure 4d). A similar morphology was retained
at 350 °C, where the plates became more compact and
well-defined (Figure 4e). These films had a greater density
of surface features and crystallinity than their counterparts
made from the other precursors. Powder X-ray diffraction
additionally confirmed the creation of hexagonal CdS, and
crystallite dimensions of about 30 nm were reported for films
from the 3-methylpyridine precursor. The optical band gaps
of the deposited CdS films ranged from 2.25 to 2.40 eV, which
is comparable to bulk CdS properties. The study showed that
AACVD is a suitable method for the formation of highly
crystalline CdS films with customizable morphology, with the
3-methylpyridine precursor demonstrating an ability to form
dense, well-crystalline, plate-like CdS film structures.

Modification strategies
Heterojunction formation

Metal sulfide-based photocatalysts have been widely
investigated due to their high visible light absorption
property and adjustable electronic structure. But their
practical uses in photocatalytic reactions are still limited by
several major challenges, such as the high recombination rate
of photogenerated charge carriers, low utilization of solar
light, photocorrosion, complex catalyst recovery from water-
based reaction systems, and high operational cost (71-73). To
overcome these drawbacks, heterojunction engineering has
become an efficient and sustainable approach to improve the
photocatalytic activity. The generation of heterojunctions of
metal sulfides with other SCs can widen the light absorption
spectrum and also facilitate the efficient separation and
migration of the charge on the interface, thus enhancing the
photocatalytic efficiency for environmental treatment and
solar energy conversion (74). There are three types of typical
heterojunctions based on the charge transfer mechanism and
band alignment: heterojunction of Type-I (straddling gap),
Type-II (staggered gap), and Type-III (broken gap). Of them,
Type-II heterojunctions have been widely investigated in the
field of photocatalysis due to their ability of spatial charge
separation, which is beneficial for extending the lifetime of
charge carriers generated by photons. However, in type-II
systems, the stepwise movement of electrons and holes
usually reduces the redox ability of the photocatalysts, and
this is the reason why they are less efficient in photocatalytic
reactions with high energy demands (75). To address these
limitations, more complex heterojunctions like Z-scheme
and S-scheme photocatalysts were then created (76). These
systems maintain high redox potentials and, at the same
time, allow for effective charge separation, resulting in higher
photocatalytic activity than conventional heterojunction
systems (77).

Type Il heterojunction

Based on their efficient charge separation capability,
Type-1I heterojunctions, with 1D/1D, 0D/1D, and 1D/2D
architectures, are the most widely studied heterojunction
systems for photocatalysis (78, 79). In this case, under light
illumination, the photogenerated electrons in the CB of SC
1 travel to the CB of SC 2, and the holes generated in SC 2
travel to the VB of SC 1. This interfacial charge migration
results in an IEF between the two SCs, and the IE field is good
for suppressing electron-hole recombination. The spatial
separation of charge carriers is thus increased significantly,
which results in better photocatalytic activity and better
performance of the photocatalytic reaction (80, 81). In Type-
II heterojunctions, however, charge transfer is frequently
hindered by migration of similar charge carriers that can
affect the driving force at the interface and the effective redox
capability of the photocatalytic system (82).

For instance, ZnMoSy (ZMS) was coupled with CdS via
simple physical stirring to form a Type-II heterojunction
photocatalyst for visible-light-driven hydrogen evolution
(83). Photocatalytic performance evaluation showed an
outstanding improvement in the production of hydrogen
after the formation of a heterojunction. The pristine CdS
gave 48.13 pmol of H, under the visible-light irradiation
for 5 h, while the pure ZMS showed relatively low activity
with 9.51 pmol of H, generation. However, the CdS/ZMS
composite exhibited a much higher yield of hydrogen
evolution of 292.31 pwmol, which is almost six times and
31 times higher than that of CdS and ZMS, respectively.
Furthermore, it was found that the optimization of the
sacrificial agent showed that lactic acid was the best
hole scavenger, which led the composite to reach its
best hydrogen production performance. The stability
behavior of the composite also verified its good durability,
with no deactivation being seen in the first few cycles of
photocatalytic cycles (in consecutive long-term operation).
This improved photocatalytic activity is mainly attributed
to the effective charge transfer at the interface between the
two materials, that is, due to the heterojunction structure
of Type-II. The Mott-Schottky measurements showed
that both CdS and ZMS were n-type SCs with the CB
potential of —0.99 eV (vs. SHE) and —1.06 eV (vs. SHE),
respectively. This arrangement of the bands was staggered
to allow for the movement of electrons in a direction
across the interface, which led to an effective separation of
charge and reduced the electron-hole recombination. The
Kubelka-Munk analysis showed that the bandgap energy of
CdS was 2.15 eV and that of ZMS was 1.70 eV, confirming
the effectiveness of incorporating ZMS in the bandgap
reduction and broadening of light utilization in the solar
spectrum. Additionally, electronic structure modulation
due to the heterojunction formation was confirmed by the
density functional theory (DFT) calculations. Although
DFT calculations tend to underestimate the bandgap, the
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theoretically calculated value of CdS was found to be 1.1
eV, lower than the value obtained from the UV-Vis analysis
of 2.15 eV. Also, the theoretical bandgap was narrower
than the experimental bandgap of ZMS (1.70 eV). The
density of states (DOS) analysis revealed that the DOS near
the Fermi level of CdS mainly comes from the hybridized
s- and p-orbitals, while the DOS near the Fermi level of
ZMS mainly comes from d- and p-orbitals related to Mo
species. The work function calculations showed that the
work function of CdS was 5.2 eV while that of ZMS was
4.3 eV for the (220) facet, indicating the higher Fermi
level in ZMS. This led to spontaneous electron migration
from the ZMS to CdS, which led to formation of an IEF at
the heterointerface that helped increase charge separation
and carrier transfer. With visible light irradiation, an
electron from ZMS was transferred to CdS successtully,
which not only decreases the charge recombination but
also enhances the number of active surface sites for
proton reduction. Thanks to the enhanced visible-light
absorption, optimized band alignment, and efficient
charge separation, the CdS/ZMS Type-II heterojunction
photocatalyst exhibited high hydrogen evolution activity,
highlighting the potential of heterojunction engineering for
solar-based hydrogen generation.

In another work, Wang et al. investigated the
photocatalytic hydrogen evolution performance of novel
metal sulfide/UiO-66-NH, heterojunctions under solar-light
irradiation (84). The effects of different metal sulfides (CdS,
Bi»S3, and ZnS) on the structural, optical, and photocatalytic
properties of heterojunctions were investigated. The
successful heterojunction formation was verified by the XRD
analysis, which showed that the metal sulfides maintained the
crystalline framework of UiO-66-NH2. TEM revealed that
CdS nanoparticles had a uniform dispersion on the surface
of UiO-66-NH;, and HRTEM also revealed the lattice fringes
of 336 A and 2.91 A, which matched the lattice plane
(111) and (200) of CdS. The tests for hydrogen evolution
under the photocatalytic conditions showed that there was
a considerable difference in the catalytic activity between
the heterojunctions. In the case of the ZnS/UiO-66-NH;
system, only a small amount of hydrogen was produced,
while the CdS/UiO-66-NH, system produced hydrogen at
a rate of 64.0 umol g~! h™!. In contrast, the pristine CdS
had hydrogen production activity of 8.0 pmol g~! h™1!,
which represents almost eight times the production activity
of the heterojunction photocatalyst. This improvement was
attributed to the strong interfacial interactions between CdS
and UiO-66-NH,, which facilitate efficient charge separation
and transfer. The Mott-Schottky analysis revealed that both
materials exhibited an n-type SC behavior and that the
UiO-66-NH; had a lower flat band potential of —0.71 V
compared to the CdS (—0.87 V). Hence, they showed that
their CB potentials are —0.51 and —0.67 V, respectively,
which indicates a Type-II heterojunction mechanism. The

electrons in the CB of CdS were rapidly transferred to UiO-
66-NH; and enabled efficient proton reduction to hydrogen
upon light irradiation. Concurrently, the holes within the
UiO-66-NH, were transferred towards the VB of CdS. This
charge separation reduced the recombination and further
improved the photocatalytic hydrogen evolution activity of
the CdS/UiO-66-NHj, system.

Z-scheme heterojunction

The potential of Z-scheme heterojunctions as highly
efficient photocatalytic systems has been found due to
effective charge transfer and maintaining strong redox
capability. Unlike conventional Type-II heterojunctions, the
Z-scheme mechanism facilitates low-energy charge carrier
recombination and keeps highly reductive electrons and
strongly oxidative holes, which improves photocatalytic
activity. First, the traditional liquid-phase Z-scheme systems
were invented, where two SCs were used but were not
directly in contact with each other but rather with a
reversible electron acceptor/donor (A/D) redox mediator.
In these systems, charge transfer took place by redox
reactions between electron acceptors and donors, allowing
the migration of the photogenerated electrons and holes
between the SCs without their direct contact (85). Although
the traditional liquid-phase Z-scheme systems exhibited
enhanced charge transfer characteristics, there existed several
limitations, namely pH sensitivity, back reaction of redox
reaction, light shielding due to redox mediator, and limited
application in the liquid phase. Therefore, subsequently, all-
solid-state (ASS) Z-scheme heterojunctions were developed
to overcome these limitations. To enhance the efficiency
of charge separation and increase the speed of charge
transfer across the interfaces in ASS Z-scheme systems,
solid electron mediators like noble metals or conductive
materials were introduced between SCs. The use of electron
mediators, however, brought some disadvantages, such as
the high cost of materials, shielding of incident light,
and complicated fabrication processes, which limited their
practical application on a large scale (86-88).

To simplify the structure of the system and improve the
photocatalytic efficiency, direct Z-scheme heterojunctions
were fabricated (86, 89, 90). These systems allow for direct
electron transfer between two SCs without any external
electron mediators because of the close contact of the two
SCs. The electrostatic attraction between oppositely charged
carriers facilitates fast charge transfer and helps to minimize
unwanted reactions, which will decrease the fabrication
costs. Consequently, the metal sulfide photocatalysts are
being focused on for the production of hydrogen, the
reduction of CO,, and the degradation of pollutants. But
factors such as incomplete photocarrier recombination and
reduced quantum efficiency during continuous illumination
remain a problem.
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For instance, the researchers created nanoarray
heterostructures of ZnO/MoS; on porous Ni foam and
showed that the photocatalytic degradation of the sunlight
was improved under a piezoelectric field (91). The lattice
parameters and crystal structure of ZnO and MoS, are
almost the same, which allowed the formation of a stable
heterojunction with low lattice mismatch. The successful
incorporation of Zn, O, Mo, and S species was confirmed by
XPS analysis, and the BET analysis showed that ZnO/MoS,
had a larger surface area due to the incorporation of the
species, which has more active sites for the photocatalytic
reactions. The heterojunction of ZnO/MoS; showed the
best performance for the degradation of organic pollutants
by the piezo-photocatalytic technique. The degradation
efficacy of MB and Congo red (CR) under light irradiation
was greatly improved from 45.3% and 24.1% to 71.9%
and 76.6%, respectively, with the addition of the stirring-
induced piezoelectricity. The researchers suggested that the
conventional Type-II heterojunction was converted into a
direct Z-scheme system, which enhanced charge separation
and maintained good redox properties. The MoS,, having
a lower work function (~4.52 eV), and bandgap (1.8 eV)
absorbed the visible light, while the ZnO, having a high work
function (~5.2 eV) and bandgap (3.37 eV) absorbed UV
light. When the interfaces come into contact, band bending
and heterojunction formation are caused by electron
redistribution. The migration of photogenerated electrons
and holes across the interface upon light illumination worked
to reduce charge recombination. Additionally, the obtained
highly reactive charge carriers from the piezoelectric field-
assisted direct Z-scheme pathway facilitated the significantly
superior photocatalytic degradation performance. Apart
from spontaneous formation and stabilization of Z-scheme
heterojunctions of SCs, researchers discovered that Z-scheme
systems with efficient formation and stabilization could also
be formed using some sacrificial agents.

For instance, Hao et al. synthesized a CdS/ZnS
heterojunction photocatalyst containing Zn vacancies
through an in-situ strategy using CdS/MOF-5 as a sacrificial
template in the presence of Na,S and Na,SO3 solutions (92).
It was concluded that the creation of the Zn vacancy had
a significant effect on controlling the charge transfer and
increasing the photocatalytic hydrogen evolution activity.
Photogenerated electrons of ZnS recombined with the holes
in CdS via intimate ohmic contact, and the remaining
electrons were then transferred to the Zn-vacancy defect
states in ZnS. It was noted that this charge-transfer pathway
was able to facilitate the separation of the electron and
hole and prevent the photocorrosion of CdS. This means
that the electrons produced by the photoexcitation of CdS
are held in the CB without recombining, and they were
able to catalyze the reduction of H™ ions to H,. Moreover,
the ZnS structure deficient in Zn allowed for the creation
of new electron transfer paths via two-photon absorption
processes, enhancing charge migration even further. At

the same time, the holes created in the VB of ZnS were
quenched by the sacrificial electron donors (Na,S and
Na;S03), helping to suppress the charge recombination and
improving the stability of the heterojunction photocatalyst.
Consequently, the CdS/ZnS Z-scheme heterostructure
proved to have excellent photocatalytic activity and improved
photo stability, emphasizing the significant importance of
defect engineering and sacrificial-agent-assisted charge
regulation in new-generation metal sulfide-based Z-scheme
photocatalytic systems.

In other work, Ouyang et al. developed a layered core-
shell ZnIn;S4@Mo0Q; direct Z-scheme heterojunction for
the visible-light-driven degradation of TCH in aqueous
media (93). The researchers noted that, under visible-light
irradiation, the heterostructured photocatalyst showed a
considerably higher photocatalytic activity, the reason for
which was mainly attributed to the efficiently working direct
Z-scheme charge-transfer mechanism at the heterointerface.
The enhanced photocatalytic behavior was attributed to the
IEF that was created between ZnlIn,Ss and MoOs upon
contacting them together. The photogenerated electrons in
the CB of MoOj; rapidly recombined with the holes in the
VB of ZnIn,S4 via the direct Z-scheme pathway. Hence, the
VB of MoO3 contains holes with high oxidizing power and
the CB of ZnIn,S, contains electrons with strong reducing
properties. The researchers discovered that this selective
charge recombination process was able to significantly
achieve spatial charge separation and that the lifetime of
the photogenerated carriers and that the redox capability
of the heterojunction system was preserved. Therefore, the
direct Z-scheme photocatalyst ZnIn,S4@MoO3 exhibited an
excellent visible-light photocatalytic degradation efliciency
towards the TCH pollutant. The studies taken together
showed that the Z-scheme heterojunctions can greatly
improve the separation of charge carriers, expand visible
light absorption, and retain highly active redox active
sites, and have shown tremendous potential for advanced
photocatalytic applications. Due to the intrinsic limitations of
conventional type-II and Z-scheme heterojunction systems,
S-scheme heterojunctions have been developed in recent
years as a new and very efficient approach in photocatalytic
strategies involving metal sulfide material systems.

S-scheme heterojunction

In an S-scheme heterojunction, two SCs with different
work functions are directly connected, and an interfacial
band bending and an IEF are spontaneously formed in the
heterojunction (94). This irregular band structure allows the
selective recombination of photogenerated electrons and
holes with lower redox potentials at the heterointerface
via coulombic interactions, whilst maintaining very
reductive electrons and very oxidative holes with high
redox potentials (76, 95, 96). Consequently, S-scheme



Metal sulfide derived photocatalyst for wastewater treatment

metal sulfide heterojunctions effectively combine efficient
charge separation with strong photo-redox capability,
thereby overcoming the drawbacks of conventional Type-II
systems that generally suffer from weakened redox strength
after charge migration. Furthermore, the built-in electric
field significantly accelerates directional charge transfer,
suppresses electron-hole recombination, and prolongs the
lifetime of photogenerated carriers (97-99).

For instance, Zhou et al. synthesized a 2D/2D
ZnIn,S4/BiyTi3O15 S-scheme heterojunction through a
low-temperature solvothermal approach, in which ZnlIn;S4
NSs were uniformly grown on the surface of flaky BisTi3O1,
(100). The staggered band alignment between ZnIn,Ss and
BisTi3O1, was found to be beneficial for the formation of an
efficient charge-transport pathway in the S scheme. In this
mechanism, the electrons generated by the photons were
left in the CB of ZnIn,Sy, and the holes were left in the VB
of BisTizO1, at the hetero interface. Hence, efficient charge
separation and strong redox capability of the heterojunction
were maintained to ensure the high tetracycline (TC)
degradation performance in the visible-light illumination.
A heterojunction of ZnIn;S4BisTizO;, was prepared to
optimize the removal efficiency of TC to be about 82.1% in
60 min, with a reaction rate constant about 6.8 times higher
than that of pristine ZnIn,Sy.

In a similar study, Su et al. studied an S-scheme quantum
dots (QDs)/monolayer Bi;WOg heterojunction using DFT
calculations and experimental synthesis (101). Next, the
CdS quantum dots were in situ hydrothermally combined
with BiWOg monolayers to form the heterostructure
photocatalyst. They discovered that introducing Bi-S bonds
at the interfaces between CdS quantum dots and Bi; WOg
monolayers was a key step for enabling the transfer of
charges between them. The S-scheme heterojunction that
was formed significantly facilitated the separation of charge
carriers generated by the light and promoted the migration
of the electrons and holes, resulting in the improvement of
the photocatalytic activity while keeping the strong redox
ability of the photocatalytic material. The results showed the
importance of the interface engineering and S-scheme charge
transfer pathway in enhancing the photocatalytic activity
of the metal sulfide-based heterostructures. The S-scheme
and Z-scheme heterojunctions share the same charge
transfer mechanism and are aimed at achieving effective
charge carrier separation to achieve high photocatalytic
activity. In general, heterojunctions are formed from
two SCs with appropriate Fermi level positions and
both n-type. Specifically, heterojunctions are typically
made of two appropriately matched n-type SCs whose
Fermi level positions differ. In practical photocatalytic
studies, it is not always possible to differentiate S-scheme
systems from Z-scheme heterojunctions due to their similar
charge-transfer pathways. However, the two heterojunction
structures can achieve the spatial separation of the photo-
generated electrons and holes, reduce the recombination

of the electrons and holes, and greatly enhance the
photocatalytic activity.

Application
Dye degradation

The diversity and complexity of organic pollutants found in
wastewater are far greater than those of inorganic pollutants
(102). Among these, pharmaceuticals and personal care
products (PPCPs), organic dyes, and major environmental
pollutants are particularly problematic. Handling dye-laden
wastewater is challenging due to its high Chemical Oxygen
Demand (COD) and Biological Oxygen Demand (BOD),
as well as the presence of chemicals that do not degrade
easily. Releasing organic dyes into aquatic ecosystems not
only alters the water’s color but also obstructs sunlight
penetration, reduces dissolved oxygen levels, and disrupts
the ecological balance. Thus, there is a need for efficient
and sustainable approaches or methods to mitigate these
emerging issues. For instance, Dharamalingam et al.
demonstrated that the photocatalytic breakdown of MB
dye was significantly enhanced upon exposure to UV-
visible light (103). This enhancement resulted from a
hydrothermal technique that transformed bulk MoS, into
nanosheets (MoS;-SDS NS) using sodium dodecyl sulfate
(SDS) (Figure 5a). Due to quantum confinement effects,
the surfactant-assisted synthesis increased the bandgap
from 1.96 eV to 2.75 eV (Figures 5b, c), induced a phase
transition from 2H-hexagonal to 3R-rhombohedral, and
reduced the average crystallite size from 78.71 nm to 32.14
nm. Collectively, these changes suppressed electron-hole
recombination and increased the density of surface-active
sites, as evidenced by photoluminescence quenching.
Under optimal conditions, the MoS;-SDS NS achieved a
degradation efficiency of 91.84%, significantly outperforming
the 56.30% efficiency of bulk MoS; (Figure 5d). Mechanistic
investigations using radical scavenging tests revealed
that superoxide radicals (O,~) were the primary reactive
species driving the degradation, while hydroxyl radicals
(OH) and photogenerated h* played supporting roles
(Figure 5e). Moreover, maintaining excellent chemical
and structural stability over four consecutive cycles
(Figure 5f), the photocatalyst demonstrated practical
potential for wastewater treatment. Figure 5g has illustrated
the mechanism of photocatalytic degradation of MB over
the photocatalyst.

Likewise, Smriti et al. synthesized carbon-dot-modified
hexagonal wurtzite CdS heterostructures (C-dots@CdS)
containing 4, 6, and 8 wt% C-dots (designated as
C-dots@CdS-4, -6, and -8) via a hydrothermal method
and compared their performance with pristine CdS (104).
The C-dots@CdS-6 composite (30 mg) achieved the
highest photodegradation (97.32%) of Crystal Violet (CV)



Anand et al./Arashi Journal of Metals & Material Sciences (2026) 3(1): 61-83

(a) ol Hydrothermal Process
Sonication Process %
u R )
o
A
Bulk MoS, MoS,-SDS
(b) (© < 91.84% |
— Bulk NIOSZ ~— MoS,-SDS NS ‘E-
o o 2 (%]
e < S z
g § E 56.30 % 2
> > c @
$ 1.96 eV 4 2 )
2 e z 5 . 2
g 3 g 9
o =
Q X
o =
[
- - - 1}
1.5 16 17 18 19 20 21 15 18 21 24 27 30 33
( e) Photon Energy (eV) ( f) Photon Energy (eV) (g) Photocatalyst
100 NHE
e SLAS % Second @ Third 1
2 so- | 0 \
o
5 A . e 2000 OOV
g 60q| 8 i Q@ E 14
S §’ i\ ] MB
c {4 Y ] I ‘
c ] X 3
.‘3 “ b “Q : & 2+ Degradation
g s : by-products
;‘:;'o 204 2.75 eV]
a 34ve on
0 --=J R ST P 400 500 600 1,0
Scanvenger Time (min)

FIGURE 5 | (a) Graphical representation of MoS,-SDS NS fabrication process, (b, ¢) bandgap of bulk MoS, and MoS,-SDS NS, (d) comparison
of photocatalytic degradation efficiency for MB dye, (e) degradation efficiency under the action of different scavengers, (f) recyclability, and (g)
overall photocatalytic mechanism of MB degradation over MoS,-SDS NS (103).

dye. Under neutral conditions, the negatively charged
C-dots@CdS surface facilitated the adsorption of positively
charged dye molecules. Increasing the dosage from 30 mg
to 50 mg resulted in a significant decrease in activity due to
photocatalyst agglomeration, which reduced light absorption
capacity. In an acidic medium, efficiency declined due
to proton-induced repulsion among pollutant molecules,
whereas performance improved under basic conditions
due to a higher concentration of hydroxyl radicals. The
enhanced activity was attributed to the incorporation
of C-dots, which increased surface area by mitigating
agglomeration, improved light absorption, and promoted
charge migration by suppressing recombination. The
heterostructure maintained excellent chemical and structural
stability over three consecutive cycles. In another study,
Liu et al. fabricated an In,S3/2D Zr-MOF heterojunction
via in-situ band-structure tuning and prepared composites
M2, M5, and M8 with varying Zr-MOF contents (105).
M5 demonstrated the best performance, degrading RR11
(5 h) and RB21 (13 h) dyes with efficiencies of 91.80% and
93.30%, respectively. This was attributed to the successful
formation of a heterojunction that enhanced visible-light
responsiveness, charge separation, and transfer while
reducing interfacial resistance; additionally, M5 exhibited

strong visible-light absorption. A significant reduction
in the photoluminescence intensity of M5 compared to
the pristine Zr-MOF, In2S3, M2, and M8 confirmed the
suppression of charge-carrier recombination, while EIS
and transient photocurrent measurements demonstrated
rapid charge migration and separation. M5 also exhibited
reliable reusability with good stability over at least four
cycles. Scavenger experiments using methanol, AgNO;3,
benzoquinone (BQ), and tert-butanol for h*, e=, 0,7,
and OH, respectively, revealed the most significant drop in
performance (from 91.80% to 43.18%) with BQ, indicating
the crucial role of O™ in the degradation of RRIIL.
Although fading of the dye solution’s color or a decrease
in the UV-Vis absorbance peak does not constitute proof
of complete degradation as this merely indicates the
breakdown of specific chromophore groups (106). Complete
mineralization (i.e., the conversion of the pollutant into CO,
and H,O) requires longer reaction times and a sufficiently
strong redox potential from the photocatalyst. To confirm
actual mineralization rather than just decolorization, the
Total Organic Carbon (TOC) removal process using the
5% Zn-doped CuO-CdS nanocomposite was monitored
under sunlight for 5 (106). The TOC removal rate was
18% for MB and 10% for Ciprofloxacin (CIP) within the



Metal sulfide derived photocatalyst for wastewater treatment

first 30 min. And this increased to 61% and 49% after 2
h, and finally reached 92% for MB and 76% for CIP after
5 h, with the degradation products being fully oxidized
into CO, and H;O. This comparison is revealing that
although the catalyst achieved 98% decolorization of MB
in 25 min, only 92% of the TOC was removed after 5 h,
confirming that chromophore destruction and complete
mineralization are distinct processes, with the latter serving
as the rigorous benchmark for treatment performance.
The lower TOC removal rate (76%) for CIP reflects its
more stable core structure, highlighting that mineralization
efficiency depends on the pollutant’s structure and should be
reported alongside the percentage of decolorization.

Antibiotic degradation

Rapid industrial development around the world has
increased the number of pollutants in aquatic habitats,
greatly affecting water quality despite the fact that water is
essential for the survival of all living things (102). Antibiotics
are widely used in the treatment of both humans and
animals, making them important organic pollutants. But
its widespread use has raised concerns about antibiotic
resistance. The increased use of pharmaceuticals in human
medicine, agriculture, and animal husbandry has resulted
in water bodies becoming significantly polluted, making
the water more poisonous (107). And due to the biotoxic
and bioaccumulative properties of antibiotics and their
resistance to degradation, it is essential to remove them from
the environment as quickly as possible using effective and
stable photocatalysts. In an investigation, Wang and team
reported in situ sulfur vacancy modified In,S; via employing
the hydrothermal method (31). Utilizing L-cysteine as a
sulfur source and reducing agent in different amounts
resulted in the production of IS-2 (2.5 mmol), IS-3 (3.5
mmol), and IS-4 (4.5 mmol), respectively. The introduction
of SVs in the photocatalyst promoted its photocatalytic
performance. The composite IS-3 demonstrated superior
photodegradation of the TC antibiotic with 83.6% efficiency
within 1 h (Figure 6a). The optimized heterostructure
IS-3 exhibited 4.62 and 1.74 times more rate constant and
mineralization rate than pristine In;S3 (IS) (Figure 6b).
However, the researchers further investigated TC removal
in real water conditions comprised of different ions such
as Cl~, SO4>~, NO;~ as demonstrated in Figure 6¢c. The
experimental results confirmed reduction in performance
from 83.6% to 75% and 75.6%, when NO3~, and Cl~ ions
were added to the TC solution. The decreased activity was
attributed to the hindered interaction of TC with catalytic
sites of IS-3 due to enhanced electrostatic repulsion resulting
from the addition of anionic ions. However, a major drop
was noticed in the performance after addition of SO42~ ions
which reacted with hts and transformed into SO4~ and
thereby reduced overall TC degradation efficacy. Moreover,

reaction processes under different pH conditions revealed
optimal performance under neutral conditions and basic
conditions (Figure 6d). However, the acidic environment
caused a major performance drop to 73.1%. The drop
was due to the reduced production of O~ due to the
reaction of O, with a proton producing OOH. Besides,
researchers depicted two pathways of TC degradation
using IS-3 photocatalyst. Both pathways resulted in the
formation of non-harmful smaller molecules termed as P9,
P10, P11, P12, P13, and P14, which ultimately converted
into products such as H,O and CO,. The photoconversion
of these highly toxic TC molecules into non-harmful
products was verified by the T.E.S.T. software and the
QSAR method. The study revealed the non-harmful nature
of the photo-degradation products involving P8, P9, P10,
and P13 and also exhibited a lower bioconcentration
factor as compared to TC. Therefore, all these studies
and results proved the successful degradation of toxic TC
pollutants into final smaller, non-toxic substances as the
photocatalytic process continued. Moreover, Figure 6e
represents the overall phot-driven degradation mechanism
of the TC using the IS-3 photocatalyst. The photocatalytic
reactions involved in the process are provided below as
follows:

IS-3+hv— e +ht
e +0;— 0"
TC + -0, /h — Degradation products

The mechanism involved the generation of e”~h™ pairs
by the photocatalyst under light illumination, which were
further transferred to the photocatalyst’s surface for the redox
reactions. However, some of these electrons are trapped
by an induced sulfur vacancy in the photocatalyst, which
acts as e~ trapping center. Therefore, it ensured effective
separation and efficient migration of the photogenerated
charge carriers with suppressed recombination. Also, the
better charge separation facilitated the effective interaction of
e~ s with the adsorbed O, molecules to produce O, radical.
And these ROS further reacted with pollutant molecule, and
degraded them into simpler ones.

In another report, a Z-scheme
heterostructure was synthesized by coupling CdS
nanospheres and BiOCl NSs via a surfactant-free
hydrothermal method (108). The optimized CdS/BizO4Cl-50
composite demonstrated enhanced visible-light-driven
degradation of TC and CIP. It achieved 84.2% CIP
degradation within 120 min with an apparent rate constant
of 0.0151 min~! values, 10.63 and 1.97 times higher than
those of pristine Bi3O4Cl and CdS, respectively; the TC rate
constant (0.0643 min~!) was 2.14 and 4.34 times higher.
This performance was attributed to three synergistic factors.
First, the staggered band alignment between CdS (ECB
= —0.50 eV) and BizO04Cl (ECB = 0.55 eV) established a
direct Z-scheme charge transfer channel, maintaining strong
redox potential while achieving efficient charge separation,

CdS/Biz04Cl
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FIGURE 6 | (a, b) Photocatalytic TC degradation efficiency and rate constant using different photocatalysts, respectively; (c, d) effect of anions
and pH over the photocatalytic performance, respectively; (e) graphical representation of overall mechanism of TC photo-degradation (31).

as confirmed by electrochemical impedance spectroscopy the composite exhibited a high surface area (42.902 m? g—1)
and transient photocurrent measurements. Second, electron and mesopores (~20 nm), providing abundant active sites.
spin resonance and radical trapping experiments confirmed HPLC-MS analysis revealed the formation of CO; and H,O
the abundant generation of superoxide (O, ™) and hydroxyl via stepwise ring-opening mineralization, with TOC removal
(OH) radicals, which facilitate oxidative degradation. Third, efficiencies of 54.86% (CIP) and 63.88% (TC). Moreover, the
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over 2% Zn-CdS@C (109).

photocatalyst remained stable for three consecutive cycles
without undergoing any phase or structural changes.
Likewise, Liu et al. synthesized a carbon-coated, Zn-
doped CdS core-shell photocatalyst (Zn-CdS@C) via a
one-pot solvothermal method for the photodegradation
of amoxicillin (AMX) (109). Pristine CdS exhibited poor
photocatalytic activity with a rate constant of 0.0055
min~!, primarily due to the rapid recombination of
photogenerated e~ -h™ pairs. Carbon coating slightly

enhanced the activity, resulting in a rate constant

of 0.0089 min~!, whereas Zn-
CdS@C sample achieved a significantly higher value of
0.0441 min~—'. This improvement was attributed to the
synergistic effect of Zn?'t doping and carbon coating.
Zn** ions substituted for Cd** in the CdS lattice, creating

electron-accepting sites and extending the charge-carrier

the optimized 2%

lifetime. Meanwhile, the carbon shell enhanced electrical
conductivity, facilitated interfacial charge transfer, and
protected CdS against photocorrosion. Photoluminescence
measurements

and time-resolved photoluminescence
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confirmed reduced charge recombination and accelerated
charge transfer. Radical-scavenging experiments using IPA,
TEOA, and BQ revealed that O,~ was the primary reactive
species responsible for AMX degradation. Intermediates
formed during AMX photodegradation were analyzed
using HPLC-MS, and the degradation pathway is illustrated
in Figure 7a. Subsequently, ring-opening and oxidation
reactions occurred, wherein the resulting intermediates
gradually transformed into smaller molecules and ultimately
mineralized into H;O and CO,. Additionally, TOC
analysis was performed to evaluate degradation efficiency
by monitoring complex degradation products; the 2%
Zn-CdS@C sample exhibited the best performance after
3 h of illumination, achieving a TOC removal efficiency
of 64.53%. Cycling experiments revealed no significant
decline in photocatalytic activity, and the phase structure
remained intact even after five cycles, indicating that the
carbon shell effectively protected the sulfide photocatalyst
from photocorrosion. The proposed photodegradation
mechanism of AMX has been illustrated in Figure 7b, as
proposed by the researchers in the study.

Both natural waters and wastewaters contain various
inorganic anions that interact differently with charge
carriers and ROS, thereby influencing the overall rate of
photocatalytic reactions (37, 110). However, most studies on
metal sulfide photocatalysts rely on model pollutant solutions
prepared in DIW, failing to capture the compositional
complexity of real wastewater. Actual municipal and
industrial wastewaters contain naturally occurring inorganic
ions such as chloride, nitrate, sulfate, bicarbonate, and
phosphate, alongside dissolved organic matter and
suspended solids, all of which can affect photocatalytic
degradation. Balakrishnan et al. systematically investigated
these matrix effects while degrading sulfamethoxazole (SMX)
via peroxymonosulfate (PMS) activation using a reusable
double Z-scheme ternary hydrogel (37). They achieved
99% removal of SMX (10 mg/L) under visible light within
20 min, with a rate constant of 0.191 min~!. To examine
the matrix effects, they first assessed the impact of co-ions
(50 mg/L) commonly found in real wastewater, including
chloride, nitrate, sulfate, bicarbonate, and phosphate. The
order of degradation efficiency was as follows: Control (99%)
> Sulfate (94%) > Nitrate (88%) > Phosphate (80%) >
Chloride (67%) > Bicarbonate (66%). Bicarbonate converted
sulfate and hydroxyl radicals into less reactive carbonate
species, phosphate deactivated the catalyst’s active sites,
and chloride generated Cl,™ radicals with lower oxidizing
potential. Subsequently, the system was tested using distilled,
tap, and lake water; a lower SMX removal rate was observed
only with lake water, attributed to higher turbidity, ion
concentrations, and impurities. Finally, real industrial
wastewater from Odisha, India, was treated, achieving a
maximum COD removal of 61%. Scavenger studies revealed
that electrons and sulfate radicals played the primary role,
while superoxide and hydroxyl radicals played a secondary

role. The hydrogel retained 87% of its activity over 10 cycles,
and a dual-reactor continuous-flow setup increased SMX
degradation from 64% to 83%. Similarly, Das et al. developed
a lightweight and highly porous MoS,/graphene aerogel for
the degradation of TC (110). Upon exposure to visible light
for 120 min, 97% of TC was removed at a concentration of
5 mg/L and 80% at 25 mg/L. Large mesopores enhanced light
penetration, mass transfer, and charge separation, resulting
in photocatalytic capacity and rates approximately 1.6 and
3.1 times higher, respectively, than those of conventional
aerogels. To assess practical applicability, TC degradation
rates were compared across DIW, municipal wastewater
(MWW), and hospital wastewater (HWW); a reduction
of 9.5% was observed in MWW and 15.7% in HWW. The
reasons for this reduction included: complex formation
between TC and co-existing organic substances; competition
for adsorption and catalytic sites; a decrease in holes and OH
radicals due to high bicarbonate levels; and reduced light
penetration caused by turbidity. Among the four anions
tested (Cl~, NO3~, SO42~, HCO3™), bicarbonate caused
the greatest inhibition of TC removal, while the others
caused moderate inhibition. Mechanistic studies (using
scavengers and EPR) revealed that singlet oxygen (10;)
and photogenerated holes played the primary roles in TC
degradation, whereas superoxide and OH radicals played
secondary roles. After 120 min, 67% of TOC was removed;
the aerogel remained structurally and morphologically stable
for three cycles; and a resazurin-based toxicity test confirmed
that the final products were less harmful than TC. Despite
matrix-related limitations, an average of approximately
84.4% of TC was removed from real wastewater. Moreover,
Table 1 presents a comparative overview of specific metal
sulfide photocatalysts. It includes key parameters such as
catalyst dosage, operating wavelength, pollutant degradation
rate, and the rate of TOC mineralization. Additionally, the
table provides data on cyclic durability and post-reaction
metal-ion leaching, offering insights into the structural
stability and environmental impact (eco-toxicological
sustainability) of each modified system during repeated use.

Conclusion

Metal sulfide SC photocatalysis is one of the most
promising emerging technologies for the reduction of
environmental pollution and protection of ecosystems. This
study systematically explained the special properties of
metal sulfides, particularly their ability to change their
narrow band gaps and high visible-light absorption and use
them as important possibilities for effective contamination
degradation. However, there are significant problems with
pristine metal sulfides, such as severe photocorrosion and
fast photogenerated charge carrier recombination. However,
the limitations have been overcome to a large extent
by the application of sophisticated synthesis control and
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modification techniques such as precise control of vacancies,
doping, and heterojunction construction. In order to predict
the transport, adsorption, and redox chemistry of target
contaminants, it is essential to understand the structure-
function relationship at surface active sites. The challenges
in this technology that must be addressed include the
durability of the photocatalysts and their ability to be
produced on a large scale at low cost, as well as to
function in complex wastewater systems in real-world
applications. Multidisciplinary research and development
efforts that are systematic and thorough, starting from
potential breakthroughs at the laboratory scale, can bring
metal sulfide photocatalysts to fruition for sustainable
environmental remediation at scale.
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