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Nanocrystalline ZnS-based hybrid nanocomposites have emerged as a versatile class of wide bandgap semiconductor materials with 

growing relevance in multifunctional applications including photocatalysis, energy conversion and storage and chemical sensing. Their 

tunable physico-chemical properties, coupled with structural adaptability, have enabled their integration into diverse technological plat-

forms spanning environmental remediation, renewable energy systems and advanced sensing devices. The intrinsic merits of ZnS, such 

as favourable band-edge positions, high chemical stability and strong redox capability, render it an attractive material for photocatalytic 

processes. Nevertheless, its wide bandgap and rapid recombination of photogenerated charge carriers severely limit visible-light utilisation 

and overall performance. To address these challenges, substantial progress has been achieved through compositional doping, defect 

engineering, surface functionalisation and the rational construction of heterojunction and hybrid architectures. This review systematically 

summarizes the structural features, charge-transfer mechanisms and recent developments in ZnS-based hybrid nanocomposites, with 

particular emphasis on strategies for enhancing visible-light absorption, charge-carrier separation and interfacial reaction kinetics. In 

addition to a detailed discussion on photocatalytic processes, particular attention is devoted to the role of ZnS hybrids in energy-related 

applications including photoelectrochemical systems, supercapacitors and batteries, as well as their performance in chemical and 

biological sensing platforms. The interrelationship between structural design, electronic properties and multifunctional performance 

across these domains is also highlighted to provide a unified perspective. Finally, current challenges, performance bottlenecks and future 

research directions are outlined to guide the design of next-generation ZnS-based hybrid nanomaterials with improved efficiency, 

durability and multifunctionality. 
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INTRODUCTION 

 The rapid industrialisation and urbanisation of modern 

society have intensified the demand for sustainable energy 

and environmental purification technologies [1-5]. The conven-

tional energy resources and chemical processes often generate 

vast quantities of pollutants and greenhouse gases, leading to 

serious ecological imbalance [6]. The uncontrolled discharge 

of industrial effluents, including dyes, pharmaceuticals and 

toxic organic compounds, has emerged as a critical environ-

mental concern, necessitating the development of efficient 

remediation strategies. In this context, semiconductor-based 

photocatalytic materials have evolved as a prospective strategy 

for addressing global challenges in environmental decontami-

nation [2,3,7-11]. Photocatalysis utilizes light energy to drive 
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oxidation–reduction reactions, enabling the degradation of 

organic contaminants, water splitting for hydrogen genera-

tion and reduction of carbon dioxide into fuels [3,7-9,12-14]. 

In addition to the environmental concerns, the growing global 

energy demand and depletion of fossil fuel resources have 

accelerated research into sustainable energy conversion and 

storage technologies [15]. Semiconductor materials capable of 

harnessing solar energy for hydrogen production, as well as 

their integration into photoelectrochemical cells and energy 

storage devices, have attracted significant attention [16-19]. 

Further, the increasing need for real-time monitoring of environ-

mental pollutants and biological analytes has driven advance-

ments in sensing technologies. Semiconductor nanomaterials, 

owing to their high surface area, tunable electronic properties 

and sensitivity to surface interactions, have shown immense 
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potential in chemical and biological sensing applications [20, 

21]. The ability to detect low concentrations of gases, toxins 

and biomolecules with high selectivity is crucial for environ-

mental safety and healthcare applications [21,22]. These chall-

enges in environmental remediation, energy sustainability 

and sensing technologies have stimulated the development of 

multifunctional materials, which can simultaneously address 

multiple application domains [23]. In this regard, hybrid nano-

composites have emerged as a promising class of materials, 

where the synergistic combination of different components 

and dopants enables enhanced performance through improved 

charge transfer, extended light absorption and optimised inter-

facial interactions. 

 Among various semiconductor materials, ZnS occupies a 

special position due to its abundance, chemical inertness, non-

toxicity and suitable band edge potentials for both oxidation 

and reduction processes [24-27]. ZnS possesses a wide band-

gap energy ranging from 3.4 to 3.8 eV depending on its crystal 

phase, which allows it to absorb ultraviolet radiation efficiently 

[27-29]. The conduction band edge of ZnS is sufficiently nega-

tive to facilitate the hydrogen evolution reaction, while the 

valence band edge is positive enough to oxidize water and 

organic molecules [30,31]. These properties render ZnS thermo-

dynamically capable of participating in a wide array of redox 

reactions. Although ZnS exhibits several favourable charact-

eristics, its practical photocatalytic performance is constrained 

by two fundamental issues [32-36]. First, the inherently large 

bandgap confines its optical absorption primarily to the ultra-

violet domain (5% of solar radiation). Second, the quick 

recombination of photo-induced charge carriers substantially 

hampers the quantum efficiency during photocatalytic pro-

cesses [28,29]. To mitigate these intrinsic shortcomings, exten-

sive research has focused on diverse modification approaches 

such as metal or non-metal ion doping, formation of hetero-

junctions with semiconductors possessing narrower bandgaps, 

surface integration with carbonaceous materials and morpho-

logical tailoring to regulate particle size and surface area [1,2, 

31-36]. These strategies are designed to broaden the light-

harvesting capacity of the photocatalyst towards the visible 

spectrum, facilitate more effective charge carrier separation 

and ultimately strengthen its comprehensive catalytic perfor-

mance and durability. 

 In recent years, ZnS-based nanocomposites have gained 

considerable attention due to their enhanced photocatalytic 

activity under UV-Vis light and solar irradiation [1,2,37-46]. 

By combining ZnS with other semiconductors such as TiO2, 

CdS, g-C3N4, ZnO or MoS2 as well as conductive materials 

like graphene oxide and carbon nanotubes, synergistic effects 

have been achieved that improve the utilisation of visible 

light and facilitate charge migration [1,2,31,32]. Furthermore, 

doping with transition metals such as Ni, Co and Cu has been 

shown to tune the band structure and develop mid-gap states 

for improved photoresponse [32,47-52]. Recently, rapid pro-

gress has been occurred in the synthesis of ZnS-based nano-

composites for different applications [53-56]. Innovative fabri-

cation techniques have enabled precise control over crystal 

phase, morphology and defect distribution, while advanced 

characterisation tools such as photoluminescence spectroscopy, 

electrochemical impedance spectroscopy and density functional 

theory modelling have provided deep insights into the under-

lying photocatalytic mechanisms [27,57-59]. Moreover, new 

application fields such as CO2 photo-reduction and N2 fixation 

have emerged, expanding the functional versatility of ZnS nano-

composites [32,60-62]. ZnS-based nanomaterials have also 

been explored for energy conversion and storage systems, where 

their semiconducting nature and tunable electronic properties 

play a decisive role [38,41,43,63,64]. For instance, ZnS-based 

hybrids have been incorporated into photoelectrochemical 

cells for solar-driven hydrogen generation, where efficient 

charge separation and favourable band alignment enhance 

photoresponse and stability [65-67]. Similarly, ZnS has been 

investigated as an electrode material in supercapacitors and 

lithium-ion batteries, where its high theoretical capacity, cou-

pled with nanostructuring and composite formation, improves 

charge storage capability and cycling stability [63-67]. 

 The integration of ZnS with conductive matrices such as 

graphene, carbon nanotubes and metal oxides has been shown 

to significantly enhance electrical conductivity and ion trans-

port kinetics, thereby improving the device performance. ZnS-

based nanocomposites have also demonstrated remarkable 

potential in sensing technologies, including gas sensing, bio-

sensing and environmental monitoring [68-71]. The high 

surface-to-volume ratio, surface defect states and tunable band 

structure of ZnS enable sensitive detection of various analytes 

such as toxic gases, heavy metal ions and biomolecules [38,70, 

71]. In particular, heterostructured ZnS systems and doped 

variants exhibit enhanced sensitivity, selectivity and response 

recovery characteristics due to improved charge transfer and 

surface adsorption properties [68-71]. Furthermore, the incor-

poration of ZnS into hybrid sensing platforms has enabled the 

development of multifunctional sensors with improved stability 

and real-time detection capabilities, making them suitable for 

practical environmental and biomedical applications [68,69]. 

Apart from the aforementioned applications, ZnS-based mat-

erials have demonstrated significant potential across a broad 

spectrum of emerging fields, including the degradation of anti-

biotics [72], dye-sensitised solar cells [65-67,73], photodynamic 

therapy [74], bio-imaging [75], biomass valorisation [76,77], 

solar-driven organic transformations [78,79], CO2 photored-

uction [31,80], selective oxidation-reduction processes [81,82] 

and photo-assisted redox catalysis [27,73]. These diverse 

applications underscore the multifunctional nature of ZnS-

based nanomaterials and highlight their versatility beyond 

conventional photocatalytic systems. The continuous expansion 

of their application domains reflects the adaptability of ZnS 

through structural modification, compositional tuning and 

interface engineering, making it a promising candidate for 

next-generation sustainable technologies. The application land-

scape of ZnS and ZnS based hybrid materials are schemati-

cally illustrated in Fig. 1. In light of these developments, there 

is a growing need for a comprehensive and critically struct-

ured review that integrates advancements in photocatalysis, 

energy and sensing within a unified framework of ZnS-based 

hybrid nanocomposites. 

 Despite significant progress in ZnS-based materials, 

existing reviews largely focus on isolated aspects such as 

synthesis methods, photocatalytic degradation, energy storage, 

sensing and mechano-optical applications [1,2,27,37-42]. Most  
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studies are confined to single domains or emphasize either 

material properties or device performance without establishing 

clear correlations between them. Moreover, recent reviews on 

areas such as supercapacitors, CO2 conversion and nanogene-

rators remain fragmented and do not provide a unified persp-

ective on the multifunctional capabilities of ZnS-based systems 

[1,2,27,37-42]. Khan et al. [27] focused specifically on ZnS-

based nanoarchitectures for visible-light-driven photocatalytic 

degradation of antibiotics and organic dyes, but their review 

remains limited to pollutant degradation and does not address 

the broader multifunctional applications of ZnS in energy and 

sensing domains. Although Zhang et al. [1] comprehensive 

reviewed in terms of ZnS quantum dot photocatalysis, remains 

narrowly focused and does not encompass the broader multi-

functional applications of ZnS in energy and sensing domains. 

In contrast to broader application-oriented studies, Huang et al. 

[39] confined their discussion to mechano-optical function-

alities of ZnS, leaving its roles in photocatalysis, energy and 

sensing unexplored. While Ejeromedoghene et al. [42] expl-

ored ZnS heterostructures in the context of CO2 conversion, 

the study does not integrate insights across photocatalysis, 

sensing and other application areas. So, a critical gap therefore 

exists in integrating photocatalysis, energy and sensing within 

a single coherent framework, particularly for ZnS-based hybrid 

nanocomposites. This limitation restricts a comprehensive 

understanding of common design strategies such as doping, 

defect engineering and binary/ternary heterostructure forma-

tion govern performance across multiple applications. In this 

context, the present review provides a unified and cross disci-

plinary perspective by correlating structural and compositional 

modifications with multifunctional performance of ZnS based 

materials in photocatalysis, energy conversion/storage and 

sensing. It begins with the structural aspects of ZnS, followed 

by an analysis of photocatalytic mechanisms including charge 

generation, transfer and reaction pathways. Subsequent sections 

discuss nanocomposite design strategies such as doping, defect 

engineering and hybrid architectures and their roles in enhan-

cing multifunctional performance. Recent developments in 

photocatalysis, energy and sensing applications are highlighted, 

along with key challenges and future prospects. Thus, this 

review provides a clear understanding of the influence of struc-

tural, compositional and interfacial modifications on perform-

ance and offers guidance for the rational design of advanced 

multifunctional ZnS-based systems. 

 Methods: The review methodology was adopted to collect 

and analyze published studies related to ZnS-based materials. 

The literature search was conducted using major scientific data-

bases including Scopus, Web of Science and Google Scholar 

to ensure comprehensive coverage of relevant research articles. 

The search was performed using combinations of keywords 

such as “ZnS photocatalyst,” “zinc sulphide photocatalysis,” 

“ZnS nanostructures,” “ZnS heterojunction photocatalyst,” 

“ZnS visible-light photocatalysis,” “ZnS-based materials for 

energy storage”, “ZnS-based materials for sensing” and “ZnS-

based nanocomposites for environmental remediation”. The 

Boolean operators (AND, OR) were used to refine the search 

results. Only peer-reviewed journal articles published in English 

were considered. The review focused primarily on publications 

from 2012 to 2026, covering recent developments in ZnS-based 

photocatalysts for environmental and energy-related applica-

 

Fig. 1. Application landscape of ZnS-based materials 
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tions. The initial database search yielded approximately 610 

records. After removing duplicate entries, 474 articles remained 

for further screening.  

 These articles were screened based on titles and abstracts 

to determine their relevance to ZnS-based materials. During the 

screening stage, studies not directly related to ZnS for photo-

catalysis, energy storage and sensing with overlapping scope, 

conference abstracts and non-peer-reviewed sources were 

excluded. After this step, 251 full-text articles were assessed 

for eligibility. Finally, 229 articles that specifically discussed 

synthesis methods, structural properties, heterojunction design, 

photocatalytic mechanisms and applications of ZnS-based 

photocatalysts were selected for detailed analysis and discus-

sion in this review. The literature identification, screening, 

eligibility assessment and final study selection process are 

summarised in the PRISMA flow diagram presented in Fig. 2. 

This methodology follows the reporting principles recom-

mended by the PRISMA Statement proposed by Moher et al. 

[83] and the updated PRISMA 2020 by Page et al. [84]. A 

graphical representation illustrating the year-wise distribu-

tion of selected studies included in this review has been depicted 

in Fig. 3.  
 

 
Fig. 2. PRISMA flow diagram for review article on ZnS hybrid nanocom-

posites and its applications photocatalysis, energy and sensing 

 

 Structure and properties of ZnS: Zinc sulphide exists 

primarily in two crystalline phases; zinc blende (cubic) and 

wurtzite (hexagonal) both of which consist of tetrahedrally 

 
Fig. 3. Illustration showing year-wise literatures reviewed and discussed 

in this article 

 

coordinated zinc and sulphide atoms [1,2,85]. The cubic zinc 

blende phase is thermodynamically stable at room temperature, 

while the wurtzite phase is metastable but can be stabilised at 

nanoscale dimensions or elevated temperatures [2,86]. The 

structural difference between these two polymorphs lies in 

their atomic stacking sequence: ABCABC for zinc blende and 

ABAB for wurtzite [39]. Despite this variation, both struc-

tures share similar bond lengths and coordination geometry, 

resulting in comparable electronic properties. The electronic 

configuration of Zn2+ (3d10) and S2– (3p6) leads to a direct band-

gap semiconductor with strong excitonic binding energy [1,2, 

39]. The conduction band is primarily derived from the 4s and 

4p orbitals of zinc, while the valence band arises from the 3p 

orbitals of sulphide [1,39]. The wide bandgap of ZnS restricts 

light absorption to the ultraviolet region, but it also contributes 

to its high redox potential, making it capable of driving both 

reduction and oxidation processes efficiently. Furthermore, 

the large bandgap helps prevent photo-corrosion, imparting ZnS 

with remarkable chemical stability during long-term photo-

catalytic reactions [2,87,88]. The zinc blende and hexagonal 

structures of ZnS have been illustrated in Fig. 4 and the 

structural parameters are summarised in Table-1. 

Photocatalytic properties and mechanism of ZnS-based 

systems 

 Fundamentals of photocatalysis: In ZnS-based photo-

catalysts, the initiation of photocatalysis occurs when the 

semiconductor captures photons possessing energies that  

 

TABLE-1 

STRUCTURAL PROPERTIES OF ZNS (ZINC BLENDE & WURTZITE) [1] 

ZnS phase Wurtzite Zinc blende 

Crystal structure Hexagonal Cubic 

Symmetry Hexagonal close-packed Face-cantered cubic 

Lattice constants a = b = 0.382 nm, c = 0.626 nm a = b = c = 0.541 nm 

Space group P63mc F-43m 

Coordination Tetrahedral Tetrahedral 

Stability Stable at T ≥ 1020 °C Stable at ambient conditions 

Band gap ∼3.91 eV ∼3.68 eV 
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Fig. 4. Polymorphism in zinc sulfide (ZnS): (a) zinc blende structure (cubic 

phase) and (b) wurtzite structure (hexagonal phase) [1] 

 

meet or surpass its bandgap [89-92]. This photon absorption 

drives the transition of electrons from the valence band to the 

conduction band, resulting in the development of electron-

hole pairs (eqn. 1) [2,90]. Following this excitation, the photo-

generated charges move toward the surface of the catalyst, 

where they actively participate in redox reactions (eqn. 2) 

[1,2,93,94]. Specifically, the photogenerated electrons are 

capable of reducing hydrogen ions or molecular oxygen (eqn. 

3) to form •O2
–, whereas the corresponding holes facilitate the 

oxidation of organic substrates or water molecules, leading to 

the generation of hydroxyl radicals (•OH) (eqn. 4) [95-99]. 

This reactive oxygen species (•OH and •O2
–) play a great role 

to perform a redox reaction on the surface of catalyst along 

with the pollutant present in the water to form various oxidizes 

and reduced product along with water and carbon dioxide 

(eqn. 4). The steps of reaction mechanism involved in the 

photocatalytic processes are summarised below [100-110]. 

 Photoexcitation involves the excitation of catalyst with 

photon of light: 

  Photocatalyst + h → eCB– + hVB (1) 

 Electron hole-recombination:  

  eCB
– + hVB

+ → Heat (2) 

 Production of superoxide anion radical:  

  O2 + eCB– → •O2
– (3) 

 Production of hydroxyl radical:  

  H2O + hVB
+ → •OH + H+ (4) 

 Degradation processes: 

 Organic dye (pollutant) + •OH → Degradation products  

 Pollutant + hVB
+ → CO2 + H2O + Oxidised products (5) 

 Pollutant + eCB- → CO2 + H2O + Reduced products 

 The favourable positioning of the conduction and valence 

band potentials relative to standard redox levels endows ZnS 

with adequate thermodynamic capacity to facilitate both oxi-

dation and reduction reactions effectively [95,111-115]. This 

coordinated charge migration and redox reaction pathway 

underpin the overall photocatalytic activity of ZnS, as summ-

arised in the schematic (Fig. 5) [116-118].  

 Charge generation and transfer dynamics: When ZnS 

absorbs light, the electrons excited to the conduction band 

gain sufficient energy to initiate reduction reactions [15,16,95]. 

At the same instance, holes left behind in the valence band  

 
Fig. 5. Schematic illustration of the photocatalytic mechanism in ZnS under 

light irradiation [116] 

 

possess strong oxidizing potential [110-116]. The photocatal-

ytic process depends on the balance among charge generation, 

migration, and recombination [111-117]. Surface adsorption 

of reactants is also a critical step, as it determines the probabi-

lity of charge transfer from the semiconductor to the adsorbed 

molecules [40,119]. The valence band edge potential of the 

semiconductors can be estimated from their bandgaps (Eg), the 

electronegativity (χ) and the energy of free electrons versus a 

normal hydrogen electrode (NHE) (E = 4.5 eV) using eqn. 6. 

The conduction (CB) and valence band (VB) edge positions 

of the semiconductor photocatalysts were estimated using 

standard equations as given below:  

  EVB = X – E0 + 0.5Eg (6) 

  ECB = EVB – Eg (7) 

where EVB shows the valence band potential and ECB states to 

the conduction band potential. Eg implies the band gap energy 

and its value ranges from 3.02 to 3.6 eV for ZnS [2,40,119]. 

The electronegativity (χ) of the semiconductor (5.21 eV for 

ZnS) and E0 is the energy of free electrons on the hydrogen 

scale (4.43 eV) [40,119]. The electronegativity of a semicon-

ductor with two number of compounds i.e. a and b are of A 

and B respectively, can be found from the following equation:  

  χ = [(A)a × (B)b]1/(a+b) (8) 

 Based on these parameters, the valence and conduction 

band positions can be calculated for ZnS. Nanostructured ZnS 

materials with high surface areas and suitable surface function-

alities provide abundant active sites for adsorption and reaction. 

However, the presence of surface defects and dopants modifies 

the local electric field and potential barriers, facilitating faster 

migration of charge carriers to reactive sites [40,95,119,120]. 

The use of conductive supports such as graphene or carbon 

nanotubes further enhances charge mobility and prevents accu-

mulation of charges that lead to recombination [120,121]. 

 Role of band structure and energy alignment: The 

photocatalytic performance is primarily governed by how the 

conduction and valence band edge positions align with the 

redox potentials of the specific reactions involved [122]. ZnS 

possesses a highly negative conduction band, enabling effici-

ent reduction of protons to hydrogen gas [123-127]. Its valence 
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band is sufficiently positive to oxidize water and organic com-

pounds, making ZnS an excellent dual-function photocatalyst 

[95]. However, its wide bandgap limits visible-light absorp-

tion. To extend photoresponse into the visible region, resear-

chers have employed bandgap engineering through doping and 

heterojunction construction [101,128-130]. Doping introduces 

impurity levels within the bandgap, allowing lower-energy 

photons to excite electrons [121].  

 Zinc sulphide can be effectively modified through various 

strategies such as metal deposition, non-metal doping and dye 

sensitisation to mitigate its inherent limitations [131]. For 

efficient photocatalytic redox reactions, it is essential that the 

conduction band and valence band potentials of the semi-

conductor are suitably aligned with the redox potentials of the 

targeted reactions. Fig. 6 illustrates the band edge positions, 

including the CB and VB levels, of selected semiconductors 

that are considered promising candidates for reactive oxygen 

species (ROS) generation. As illustrated in Fig. 6, the CB 

potential of ZnS (-1.36 eV vs. NHE) is significantly more 

negative than the H+/H2 redox potential (0 eV vs. NHE), 

whereas its VB potential (+2.35 eV vs. NHE) is more positive 

than the O2/H2O oxidation potential (1.23 eV vs. NHE) [1,2]. 

This favourable band alignment indicates that ZnS is thermo-

dynamically suitable for photocatalytic water splitting and 

hydrogen generation. In addition, the highly reducing electrons 

in the CB of ZnS can promote the conversion of CO2 into value 

added hydrocarbon products such as CO, CH3OH and CH4, 

while the photogenerated holes in the VB can oxidise water 

to generate O2 [132]. The highly negative CB and strongly 

positive VB potentials account for the excellent reduction and 

oxidation capabilities of ZnS, respectively. However, the 

relatively wide bandgap of ZnS (3.68 eV) restricts its absorp-

tion primarily to the ultraviolet region, corresponding to only 

about 5% of the solar spectrum [133,134]. Therefore, broad-

ening the light absorption range of ZnS is crucial to enhance 

its overall photocatalytic performance. Heterojunctions, on the 

other hand, combine two semiconductors with different band 

structures, enabling charge transfer across their interface and 

efficient utilisation of visible light [1,2,41,42,128-138]. 

 

 
Fig. 6. Band-edge positions of selected semiconductors vs. the normal 

hydrogen electrode (NHE) [1,2] 

Enhancement strategies 

 Doping and defect engineering: Doping of ZnS with 

transition metals (e.g., Ni, Co, Mn, Cu) has proven to be an 

effective approach to modify its optical and electronic prop-

erties [47,103-107]. Metal doping introduces discrete energy 

states within the bandgap, enhancing visible-light absorption 

and reducing recombination by acting as charge traps [31, 

139-143]. Non-metal doping, particularly with nitrogen or 

carbon, creates shallow acceptor levels near the valence band 

edge, thereby narrowing the effective bandgap [144,145]. 

Defect engineering, which involves the controlled creation of 

sulphide vacancies or zinc interstitials, also plays a crucial role 

in tailoring photocatalytic performance. These defects act as 

active centers for charge trapping, improving charge separa-

tion and extending light absorption [1,2]. However, excessive 

defect concentrations may introduce deep traps that accelerate 

non-radiative recombination [47]. Therefore, optimizing defect 

density is vital to achieving maximum efficiency. 

 When ZnS is doped with transition metal ions (Mn+), new 

electronic states are introduced within the bandgap [145-

148]. Mn+ as dopant ions generate discrete trap levels that serve 

as intermediate energy states, capturing photogenerated charge 

carriers and thereby minimizing direct recombination [2]. 

These trapped electrons are gradually transferred to surface-

active sites, where they reduce adsorbed oxygen molecules to 

superoxide radicals (O2
•–) [1,2]. Meanwhile, photogenerated 

holes migrate to the surface, oxidizing water or hydroxide 

ions to form reactive hydroxyl radicals (•OH) [149-151]. This 

dopant-mediated charge separation significantly extends carrier 

lifetimes and enhances redox efficiency, leading to superior 

photodegradation efficiency under light of visible range [1,2]. 

The band diagram (Fig. 7) highlights the interaction between 

the metal dopant states and the intrinsic electronic structure of 

ZnS, emphasizing the role of defect and dopant engineering 

in tuning its photocatalytic properties. 

 

 
Fig. 7. Schematic representation of the photocatalytic enhancement 

mechanism in metal-ion-doped ZnS [145,146] 

 

 Heterojunction construction: Heterojunctions are among 

the most effective architectures for enhancing charge separa-

tion and extending light absorption [152-156]. In type-II hetero-

junctions (Fig. 8a), the conduction band of one semiconductor 

lies at a higher energy level than that of the other semicon-

ductor, facilitating directional electron flow [155-157]. When 

ZnS is coupled with semiconductors such as TiO2 or g-C3N4, 
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electrons transfer from the lower to the higher conduction 

band and holes move in the opposite direction, minimizing 

recombination [16,158-169]. Dong et al. [159] reported the 

ZnS-Bi-TiO2 nanocomposite formation by sol-gel method, 

where Bi as Bi4+/Bi3+ species enhance the light absorption 

ability of TiO2 lattice in visible region and reduced the recom-

bination of photogenerated electrons and holes [159]. After 

incorporation of ZnS (0.005 M) to Bi-TiO2 (Bi/Ti = 0.006), 

sulphur doping into the lattice reduced the band gap energy, 

thereby increasing the catalytic efficiency. In Z-scheme hetero-

junctions (Fig. 8b), photogenerated electrons in one semicon-

ductor recombine with holes in another, preserving the high 

redox potential of both charge carriers [158,170-173]. This 

mechanism mimics natural photosynthesis and has been 

particularly successful in ZnS-QDs@CoWO4, Fe2O3@BNP 

@ZnS/CdS and ZnS/MoS2 composites [134,174-177].  

 Zhang et al. [174] described the fabrication of Z-scheme 

heterostructures of ZnS quantum dots wrapped around CoWO4 

nanoparticles (ZnS-QDs@CoWO4) as shown in Fig. 9. In this 

work, an optimal catalyst dosage of 25 mg of nanocomposite 

exhibited the highest photocatalytic activity toward the deg-

radation of tetracycline hydrochloride (TC·HCl), achieving a 

rate constant (k = 0.03427 min–1). This value is approximately 

3.5 times higher than that of ZnS quantum dots (k = 0.00969 

min–1) and nearly 214 times greater than that of CoWO4 (k = 

0.00016 min–1). The superior photocatalytic performance can 

be attributed to the formation of a Z-scheme heterojunction 

within the composite system, which effectively enhances 

charge separation while preserving strong redox potentials of 

the photogenerated charge carriers [174]. A comparable trend 

has been reported by Khodamorady et al. [175] where 0.08 g 

of Fe2O3@BNP@ZnS/CdS nanocomposite achieved 98% 

degradation of methylene blue and 68-100% removal effi-

ciency for various textile dyes under 90 min of visible light 

irradiation. Recently, enhanced photocatalytic degradation 

efficiency of ZnS toward rhodamine B has been reported 

through the formation of a Z-scheme heterojunction with MoS2 

in ZnS-MoS2 nanocomposites [134]. 

 Fig. 10 demonstrates the band alignment and interfacial 

charge transfer process in ZnS coupled with a secondary semi-

conductor, such as a metal oxide or metal sulphide. Upon illu-

mination, both semiconductors absorb photons, generating 

electron-hole pairs [4-6]. Rashid et al. [178] highlighted the  

 
Fig. 9. Schematic diagram of charge transfer mechanism in ZnS–QDs @ 

CoWO4 direct Z-scheme heterojunction [138] 

 

 
Fig. 10. Schematic illustration of charge transfer and photocatalytic 

mechanism in ZnS-based heterojunctions 

 

degradation of 2,4,6-trichlorophenol by WO3/ZnS using 

various illuminating sources i.e. solar, UV/visible light. In the 

above study, ZnS was coupled with WO3 as it is a stable, econ-

omic and photo-corrosion resistant material with relatively 

lower band gap of 2.4 eV-2.8 eV. The degradation efficiency 

was found to be 65% initiated by the reactive oxygen species 

(•OH, •O2
–), electron with first order kinetics having maxi-

 

Fig. 8. Different types of heterojunctions for enhancing charge separation [1] 
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mum rate of 0.0249 min–1. The degradation mechanism follo-

wed a direct Z-scheme heterostructure for charge transfer 

without the involvement of any mediator but due to creation 

of an in-built electric field, established between two adjacent 

photosystems, correspondingly. Behin et al. [179] synthesised 

ZnS/ZnO nanocomposites for photocatalytic degradation of 

Congo red in textile wastewater, achieving 91% removal 

efficiency at a catalyst loading of 0.4 g L–1. Band structure 

(Fig. 11a) analysis revealed a reduction in bandgap from 3.70 

eV (pristine) to 3.46 and 3.41 eV for the ZnS/ZnO composite, 

confirming the formation of a type-II heterojunction. This band 

alignment enhances visible-light absorption and promotes 

efficient charge separation, resulting in improved photo-

catalytic performance. The degradation follows pseudo-first-

order kinetics with a rate constant of 0.027 min–1. Dong et al. 

[180] successfully synthesised MoS2/ZnCdS/ZnS dual hetero-

structures. The synergistic coupling of these multiple semi-

conductors significantly enhanced the photocatalytic hydrogen 

evolution performance, achieving a rate of 79.3 mmol g–1 h–1 

under visible-light irradiation, along with an apparent quantum 

efficiency of 47.9% at 420 nm in the absence of noble-metal 

co-catalysts. This activity is approximately fivefold higher 

than that of the MoS2/ZnCdS system (15.7 mmol g–1 h–1) and 

about nine-fold greater than that of the ZnCdS/ZnS counter-

part (8.98 mmol g–1 h–1) and shown in Fig. 11b. Hence, the 

coupling of ZnS with other semiconductors thus provides an 

efficient pathway for improved charge separation, broader light 

absorption and enhanced photocatalytic performance [92,175-

181]. 

Photocatalytic applications 

 Degradation of organic pollutants: Among the various 

applications of ZnS-based photocatalytic materials, one of the 

most extensively explored is the removal of organic contami-

nants such as dyes, antibiotics and phenolic derivatives [1-7]. 

The complete degradation performance is strongly influenced 

by intrinsic material properties such as specific surface area, 

degree of crystallinity and the presence of structural defects 

[7,92]. ZnS-based composites with hierarchical structures 

and optimised band alignment exhibit remarkable degrada-

tion rates even under visible light [92,157,167]. Addition of 

ZnS to TiO2 improves the separation of photogenerated 

electron-hole pairs and extends the absorption range to the 

visible light region. As reported, nanostructured ZnS/TiO2 

synthesised by chemical deposition technique removed 99.0% 

of acid blue, an industrial diazo dye under UV light [158, 

182]. Another study also reported a similar trend. Talebi et al. 

[160] demonstrated that ZnS/TiO2 nanocomposites achieved 

up to 99% degradation of acid blue 113 dye under optimised 

conditions. Maximum photocatalytic efficiency was obtained 

using a low catalyst dosage (37 mg) at pH 6.18 within 27.32 

min, outperforming the individual ZnS and TiO2 counterparts 

[124]. The introduction of carbon-based supports and transi-

tion-metal dopants further enhances degradation kinetics and 

extends catalyst durability [183,184]. Vignesh & Kim [184] 

reported a carbon-based ZnS hybrid system comprising highly 

dispersed Co3O4 grown on g-C3N4 (GCN), coupled with ZnS 

quantum dots as interfacial bridges via a facile hydrothermal 

route. The Co3O4 and ZnS QDs establish robust interfacial 

bonding with GCN, facilitating efficient charge transport, 

suppressing nanoparticle agglomeration and generating abun-

dant catalytic active sites for hydrogen evolution. The GCN/ 

Co3O4/ZnS heterostructure exhibited 93.05% photo-degra-

dation efficiency toward RhB under light irradiation. Based 

on eqns. 6 and 7, the conduction and valence band edge poten-

tials were estimated as –1.115 and 1.595 eV for GCN, 0.278 

and 2.528 eV for Co3O4 and –1.16 and 2.65 eV for ZnS (vs. 

NHE), respectively. These band alignments support a Z-scheme 

charge transfer mechanism governing RhB degradation over 

the GCN/Co3O4/ZnS heterostructure (Fig. 12) [184]. 

 

 

Fig. 11.  Schematic illustration of charge transfer and photocatalytic mechanism in ZnS-based Type-II heterojunctions (a) ZnS/ZnO 

nanocomposites [179], (b) energy band alignment, interfacial charge-transfer-pathways and photocatalytic H2 evolution mechanism 

in MoS2/ZnCdS/ZnS dual heterostructures [181] 
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Fig. 12. Energy band alignment and proposed photocatalytic degradation 

mechanism of as-synthesised ternary GCN/Co3O4/ZnS heterostruc-

ture under light irradiation [184] 

 

 Coupling ZnS with 2D materials such as graphene oxide, 

MXenes and GCN has been shown to facilitate interfacial 

charge transfer and suppress electron-hole recombination, 

thereby improving degradation efficiencies under solar or 

visible-light irradiation [167,185-188]. Chen et al. [186] syn-

thesised a porous ZnS/MXene (Ti3C2) nanocomposite via a 

one-step hydrothermal route, in which layered Ti3C2 MXene 

functions as an efficient cocatalyst. The composite exhibited 

96% degradation of tetracycline hydrochloride (TCH·HCl) 

within 60 min under simulated solar irradiation. Additionally, 

ZnS-based photocatalysts have demonstrated high efficiency 

in degrading emerging contaminants such as pharmaceutical 

residues (tetracycline, ciprofloxacin) and endocrine-disrup-

ting chemicals, marking their relevance for next-generation 

wastewater treatment [92]. 

 Sustainability aspects have also gained attention, where 

ZnS-based nanocomposites synthesised through green routes 

such as plant extract-assisted, hydrothermal or sol-gel methods 

have shown not only improved degradation performance but 

also higher recyclability and minimal leaching [92]. The integ-

ration of magnetic components (e.g. Fe3O4/ZnS composites) 

enables easy recovery of the catalyst using external magnetic 

fields, addressing a key limitation in large-scale photo-

catalytic systems [189]. These developments highlight the 

significant potential of rationally engineered ZnS-based nano-

structures for efficient and sustainable degradation of diverse 

organic pollutants. Strategies involving defect engineering, 

heterojunction formation and surface modification play crucial 

roles in enhancing photocatalytic efficiency and stability [92]. 

Table-2 shows a summary of degradation performance of 

ZnS based materials in decomposing various pollutants. It 

shows the effective mineralisation ability of ZnS and ZnS 

based hybrid nanocomposites towards many dye pollutants 

and antibiotics. 

Applications of ZnS in energy production and storage 

 Reduction of carbon dioxide (CO2): The escalating global 

energy demand and increasing environmental concerns asso-

ciated with carbon emissions have intensified research efforts 

toward the conversion of CO2 into sustainable fuels and value-

added chemicals [42]. Processes such as hydrogenation and 

reforming enable the transformation of CO2 into products 

including CH4, CO, formic acid, olefins and CH3OH, offering 

viable alternatives to conventional fossil-based resources. Fig. 

13 shows the transformation of CO2 into renewable energy 

and chemical compounds [42]. ZnS-based nanocomposites 

have also shown potential in photocatalytic CO2 reduction to 

produce value-added fuels such as CO, CH4 and methanol 

[7,30,42,208-211]. The process involves the activation of 

CO2 molecules adsorbed on the catalyst surface, followed by 

multi-electron reduction pathways facilitated by photogene-

rated electrons [30,42]. ZnS based nanocomposites have 

demonstrated selective reduction of CO2 with enhanced effici-

ency under visible light [30,42]. These materials exhibit fav-

ourable electronic structures, tunable optical properties and 

appropriate conduction band potentials, enabling efficient 

activation and reduction of CO2 into value-added products. 

Their ability to facilitate charge separation and transfer further 

enhances catalytic performance in CO2 conversion processes. 

Nam et al.  [212] demonstrated that a ZnS electrocatalyst achi-

eves 83% CO Faradaic efficiency with suppressed hydrogen 

evolution, highlighting its effectiveness for selective and stable 

CO2 electro-reduction. Luo et al. [213] demonstrated that 

hexagonal phase ZnS exhibits significantly enhanced CO2 

reduction selectivity (21% CO) compared to cubic ZnS (0.2%), 

attributed to its more negative conduction band and favour-

able intermediate adsorption characteristics. So, tailoring the 

structural and electronic properties of ZnS is crucial for steering 

CO2 reduction pathways, offering a promising route towards 

selective and efficient photocatalytic carbon conversion syst-

ems. 

 

 
Fig. 13. Transformation of CO2 leading to chemical compounds and renew-

able energy sources [42] 

 

 Hydrogen evolution reaction (HER): The photocatalytic 

hydrogen evolution reaction is a key step towards achieving 

solar-driven water splitting for clean fuel production [18,188, 

214-218]. ZnS, with its negative conduction band potential,  
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 TABLE-2 

RECENT STUDIES ON THE PHOTOCATALYTIC PROPERTY OF ZnS AND ZnS BASED MATERIALS 

Name of 

material 
Method of preparation Name of pollutant 

Degradation 

efficiency 

(%) 

Catalyst 

dose 
Reaction condition 

Rate  

constant (k) 
Ref. 

ZnS-TiO2  Solvothermal + wet-

chemical 

Benzyl alcohol 89.1 200 mg/L Xenon Lamp 300 W, 5 h - [25] 

ZnS/Ag2WO4  Co-precipitation Methylene blue (MB)  

(10 mg/L) 
84 3 mg/L 800 W halogen lamp  - [32] 

ZnS-CuSe  Sonochemical Methylene blue (MB) 98 100 mg/L 400 W visible light, 300 

min 

1st Order [33] 

ZnS@ZnO  Hydrothermal Methylene blue (MB) 95.3 100 mg/L 400 W halogen lamp, 

300 min 
0.0059 min–1 [34] 

V2O5-ZnS Co-precipitation Ciprofloxacin, amoxicillin 96, 94 - Sunlight simulator lamp 

(300 W), 200 min 

0.021 min–1, 

0.029 min–1 

[44] 

SnO2/ZnS Co-precipitation + 

ultrasonic + 

hydrothermal 

Methyl yellow 89 10 mg/L 36-W LED light, 120 

min 

0.0263 min–1 [45] 

ZnS/PTA Sonochemical Rhodamine B (RhB) (10) 78.59 500 mg/L 300 W xenon lamp  0.013 min–1 [46] 

ZnS Hydrothermal Methylene blue (MB)  

Alizarin red (AR) 

82.12 

85.51 

5 mg/L 

 

UV light, 180 min 

 

0.0023 min–1 

 

[95] 

ZnS/TiO2  Chemical deposition Acid blue 113 99 240 mg/L 400 W Kr UV lamp, 30 

min 

 - [160] 

ZnS@g-C3N4  Chemical method Acid blue 25 98 4000 

mg/L 
Sunlight (120 min) 0.010832  

min–1 
[167] 

g-C3N4/ZnS  Microwave-assisted Malachite green (MG) 33.50 30 mg/L 250 W tungsten halogen 

Lamp, 120 min 

0.57 h–1 [168] 

ZnS/ZnO  Chemical method Congo red (CR) (30 mg/L) 98 400 mg/L UVAB irradiation at 25 

± 2 ◦C, 120min 

0.027 min–1 [179] 

ZnS@In2S3  Refluxing method o-DCB 49 150 mg/L visible light (λ > 400 

nm), 8 h 
0.0538 h–1 

 

[180] 

ZnS/MXene 

Ti3C2 

Hydrothermal Tetracycline hydrochloride 

(TCH) (10 mg/L) 

96 100 mg/L 500W metal halide 

lamp, 60 min 

0.0471min–1 [186] 

ZnO/g-

C3N4/ZnS 

Chemical method Methylene blue (MB) 80 1000 

mg/L 

UV lamp  

9 W, 90 min 

0.02272 min–1 [188] 

ZnS Precipitation  Methylene blue (MB) (2.6) 61 100 mg/L 1000 W tungsten‒ 

halogen lamp, 180 min 

4.9 × 10–3  

min–1 
[190] 

ZnS Hydrothermal Methylene blue (MB) (12) 92 100 mg/L UV light, 200 min - [191] 

ZnS Sulfuration with 

precipitation  
p-Nitro phenol (PNP) (10) 51 150 mg/L UV-LEDs 12 W, 365 

nm, 240 min  
- [192] 

ZnS Refluxing followed by 

calcination 

Crystal violet (0.025 mM) 

2-Nitrophenol (0.025 mM) 

93 

88 

200 mg/L 

 

Hg arc, 125 W, 300–390 

nm, 180 min 

0.01649 min– 1 

0.00366 min– 1 

[193] 

ZnS Lyotropic liquid 

crystal template 

Methylene blue (MB) (20 

mg/L) 

99.76 400 mg/L Xenon lamp 300 W, 350 

nm < λ < 780 nm, 150 

min 

0.040 min–1 [194] 

ZnS Reflux Methylene blue (MB) (3.2) 

Methyl orange (MO) (3.27) 

96.73 

94.68 

1000 

mg/L 

UV-light, 120 min 

 

0.0220 min–1 [195] 

ZnS Hydrothermal Crystal red (CR) (50) 96.53 200 mg/L 350 W, Hg lamp,  

120 min 

27.85 × 10–3 

min– 1 
[196] 

ZnS Hydrothermal Methyl orange (MO) (3.75) 80 700 mg/L UV-c lamps (253.7 nm, 

33.6 µw cm2) 60 min 

0.0315 min–1 [197] 

ZnS Precipitation Methylene blue (MB) 

Xylenol orange (XO)  

Methyl orange (MO) 

Methyl red (MR) (50) 

78.41 

81.22 

90.90 

95.10 

500 mg/L 

 

18W visible light, 120 

min 

 

0.02052, 

0.04380, 

0.08310, 

0.09469 min–1 

[198] 

ZnS  Precipitation  Congo red (CR) (30) 98.78 50 mg/L 45 W halogen lamp - [199] 

ZnS Hydrothermal Malachite green (MG) 74.25 – Solar light, 240min 0.00556min–1 [200] 

ZnS/Ag2O Precipitation Methylene blue (MB) (10) 92.4 500 mg/L 300 W xenon lamp 

(PLS-SXE300 UV 

0.138 min–1 [201] 

ZnS/CuFe2O4 Co-Precipitation Methylene blue (MB) (30) 

Crystal violet (CV) (30) 

82 

87 

10 mg/L 

 

200 W tungsten 

halogen light,120min 
14.16 × 10–3 sec–1 

17.15 × 10–3 sec–1 

[202] 

ZnS-Au 

ZnS-Ag 

Hydrothermal  Methylene blue (MB) (30) 96 

92 

50 mg/L 

 

ultraviolet light (6W, at 

356 nm 

17.3.10–3, 

18.3.10–3 min–1 

[203] 

ZnS-Mn Refluxing  TO (12.65) 94 500 mg/L 8 watt-UV lamp, 90 min – [204] 

ZnS-NiS Co-precipitation 

method 
Methylene blue (MB) (10)  

RB (10) 

96.91 

97.12 

300 mg/L 

 

visible light 500 W 

tungsten halogen lamp, 

150 min 

0.0481 min–1 [205] 

ZnS-CuS  One-pot solid-phase 

method 

Rhodamine B (RhB) (5)  97 10,000 

mg/L 

4 h, visible-light  0.0186 min–1 [206] 

ZnS-MoS2 Chemical vapour 

deposition  

Tetracycline (5) 81 100 mg/L visible light 30W LED, 

90 min 

0.99 min–1 [207] 
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is thermodynamically capable of reducing protons to hydrogen 

gas [6,9,126,219-222]. However, its efficiency is limited by 

visible-light inactivity and recombination losses. To address 

these challenges, researchers have developed ZnS-based 

heterostructures with narrow-bandgap semiconductors and 

co-catalysts that enhance charge separation [196,219-224]. 

ZnS based composites exhibit excellent hydrogen production 

rates under visible light [177,224-228]. 

 Jiang et al. [177] reported that under visible light irradi-

ation, the highest hydrogen evolution rate reached 239 mol 

h–1 mg–1, for ZnS/CdS composite and also among the best co-

catalyst-free photocatalysts for hydrogen production. The 

average apparent quantum yield can be achieved as ~16.8% 

after 8 h of irradiation (monochromatic light at 420 ± 5 nm). 

Similarly, Gao et al. [226] stated the photocatalytic hydrogen 

evolution activity without any co-catalysts, with 50 mg of ZnS 

under UV-Vis light source achieving a hydrogen evolution 

rate of 7631.70 mol h–1 g–1. They described the enhancement 

the production of hydrogen due to generation of zinc defect 

under UV-Vis light, facilitate faster charge transfer and a 

lower recombination rate of photo-generated electron–hole 

pairs. Pina-Perez et al. [229] reported a solvothermally synth-

esised ZnS–ZnO composite with phase dependent photo-

catalytic H2 evolution, achieving a maximum hydrogen prod-

uction rate of 580 mol h–1 g–1 at 200 ºC due to optimised 

ZnS-c/ZnS-h and ZnO interfacial charge transfer. The schematic 

band diagram for the same has been given in Fig. 14. How-

ever, He [228] showed the excellent photocatalytic activity 

of ZnO/ZnS/CdS three-phase composite with a rate of photo-

catalytic hydrogen production up to 2.64 mmol h–1 g–1. This 

study highlights that the three phase co-catalyst composite 

photocatalyst provided a channel for rapid separation of photo-

generated electrons and holes in the photocatalyst. Jayan et al. 

[214] demonstrated that a co-doped ZnS/ MoS2 composite 

achieved enhanced visible-light-driven H2 evolution of 1256 

mol h–1 without sacrificial agents, attributed to optimised 

band structure and reduced charge recombination. So, the 

above studies show that ZnS-based systems demonstrate pro-

mising H2 evolution performance, though further advance-

ments in stability, charge separation and scalable design are 

essential for practical applications. Table-3 summarizes the 

performance of ZnS based materials towards hydrogen 

evolution reaction as reported in literature. 

 Supercapacitor and battery applications: ZnS-based 

nanomaterials have attracted considerable attention for electro-

chemical energy storage applications, including both super-

capacitors and rechargeable batteries, due to their tunable 

electronic structure and favourable redox properties [41,43,136, 

239-244]. Supercapacitors, which bridge the gap between 

conventional capacitors and batteries, offer high power den-

sity, rapid charge–discharge rates and long cycle life [41,43]. 

In this context, ZnS exhibits promising pseudocapacitive 

behaviour arising from reversible faradaic reactions at or near 

the electrode surface, contributing to enhanced charge storage 

capacity [41,43,136,245,246]. The combination of electric 

double-layer capacitance and pseudocapacitance enables 

 

TABLE-3 

PHOTOCATALYTIC HYDROGEN PRODUCTION RATES FOR ZnS BASED PHOTOCATALYSTS 

Photocatalyst Method Reaction condition Band gap (eV) Light source 
Hydrogen  

evolution (H2 gas) 
Ref. 

ZnO/ZnS Hydrothermal Na2S/Na2SO3 as sacrificial agent – 300 W Xe lamp 2.4 mmol g–1 h–1 [230] 

CdS/ZnS Solvothermal Na2S and Na2SO3 as sacrificial 

reagents  

– 300 W Xe lamp 239 µmol mg–1 h–1 

quantum yield was 

~16.8% 

[177] 

Co:ZnS Solvothermal followed 

by bath deposition 

50 mg Co:ZnS, 0.35 M Na2S and 

0.25 M Na2SO3 as sacrificial agent 

3.31 eV (ZnS);  

3.2 eV (CZS-4) 

300 W Xe lamp 0.32 mmol/h, AQE = 

0.41% 

[133] 

Eu:ZnS  Not specified 3.6 eV (ZnS);  

3.39 eV (6 at% 

Eu:ZnS) 

Simulated solar light  6 at% Eu:ZnS is 9000 

µmol g–1 h–1 
[231] 

NH2-MIL-

125/ZnS 
 10 mg photocatalyst in benzyl 

alcohol (1.0 mL) and acetonitrile 

(4.0 mL) 

3.35eV 300 W Xe lamp 120 mm g–1 h–1 [5] 

ZnS/g-C3N4 Hydrothermal  Photocatalytic reforming process 

of glucose 

– 300 W Xe lamp 229.9 µmol g–1 h–1 [232] 

ZnS-based films 

on Zn foils 

solvothermal  80 mL of media solvent containing 

EDA as organic amine-ligand, 

BuOH 

3.2-3.6 eV 254 nm Pen-Ray UV 

lamp 

5.60 µmol h–1 cm2 [227] 

Fe-doped 

ZnS/ZnO  

Ion-exchange followed 

by sulfurisation 

0.321 g of sodium sulfide hydrate, 

glycerol as a sacrificial agent 
3.6 eV 150 W xenon lamp  177.7 mmol m–2 h–1 [233] 

ZnO/ZnS  Co-precipitation  50 mg sample into Na2S⋅9H2O and 

Na2SO3 solution (1 mol/L) 

3.49 eV Microsolar 300 W 

Xenon Lamp  

7.59 mmol g–1 [234] 

ZnS/ZnO Solvothermal  Methanol as scarifying agent 3.4 and 3.1 eV Solar light 580 µmol g–1 h–1 [235] 

ZnS@ZnO Hydrothermal 0.010 g of sample and 20 mL of 

solution containing Na2S (0.1 

M)/Na2SO3 (0.2 M) as sacrificial 

agent 

3.3 eV 300 W xenon lamp 18.81 mmol h–1 g– 1 [236] 

ZnS/CdS/Zn-Cd-

MOF 

Semiderivatisation of 

bimetallic MOF 

strategy 

10 mg catalyst, 0.25 M Na2SO3 

and 0.35 M Na2S 
2.49 eV (CdS) 

3.49 eV (ZnO) 

2.27 eV (ZnS/ 

CdS/Zn-Cd-

MOF) 

300 W xenon lamp  27.65 mmol g–1 h–1 

AQE = 20.37% 

[237] 

ZnO/ZnS/Co3O In situ vulcanizing 5 mg catalyst, 10 vol% methanol – 300 W xenon lamp 153.01 µmol g–1 h–1 [238] 
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ZnS-based materials to deliver improved electrochemical 

performance, particularly when engineered at the nanoscale 

[245,246]. Nanostructured forms such as nanoparticles, nano-

sheets and hierarchical architectures provide high surface area 

and abundant active sites, facilitating efficient ion diffusion 

and electron transport. In addition to supercapacitors, ZnS has 

also been explored as an electrode material in rechargeable 

battery systems, including Li+, K+ and Na+ ions batteries [239-

244,247-251]. However, challenges such as poor intrinsic 

conductivity, volume expansion and structural degradation 

during repeated cycling limit its practical application. To 

address these limitations, various strategies such as doping, 

defect engineering and the development of binary and ternary 

nanocomposites have been employed. Moreover, hybrid sys-

tems combining ZnS with metal oxides or other sulphides 

improve electrochemical kinetics and cycling durability 

through synergistic effects. Hussain et al. [245] reported ZnS 

nanoflakes grown on nickel foam exhibiting a high specific 

capacity of 659 C g–1 at 2 A g–1, while the assembled asym-

metric supercapacitor delivered specific capacity of 154 C g–1, 

a high specific energy of 30 Wh kg–1, high specific power of 

14 kW kg–1 and 96% capacitance retention after 2000 cycles, 

demonstrating excellent electrochemical performance and 

stability. Arif et al. [248] developed a TiN–ZnS nanocompo-

site electrode exhibiting superior electrochemical performance, 

delivering an energy density of 74.13 Wh kg–1 and a power 

density of 7648 W kg–1 at 9 A g–1, along with 96.8% capaci-

tance retention after 10,000 cycles. A ZnS/MWCNT hetero-

structure anode delivered a high initial discharge capacity of 

1960 mAh g–1 at 50 mA g–1, with ~97.6% coulombic effici-

ency and ~94% capacity retention after 1000 cycles, high-

lighting strong potential for advanced Li+ ion battery appli-

cations, as reported by Shabbir et al. [240]. Ti-doped ZnS 

thin film delivered a specific capacity of 463.1 mAh g–1 with 

good cycling stability up to 500 cycles, reflecting improved 

electrochemical kinetics and Li+ diffusion upon Ti incorpora-

tion, as demonstrated by Jiang et al. [241]. Jin et al. [242] 

reported uniform dispersion of ZnS nanospheres on rGO which 

enabled enhanced electrochemical stability and Na+ ion storage, 

achieving 634.6 mAh g–1 after 1000 cycles at 0.5 A g–1. These 

advancements demonstrate that ZnS-based hybrid nanocom-

posites hold significant potential as efficient and durable 

materials for advanced energy storage applications. 

 Applications of ZnS as sensors: ZnS-based materials 

have been widely investigated as active sensing elements due 

to their semiconducting characteristics, chemical stability and 

strong surface adsorption behaviour [43]. ZnS is predomi-

nantly an n-type wide-band-gap semiconductor and its sensing 

response is governed by surface charge modulation arising 

from adsorption-desorption processes of gas molecules [43, 

252]. Under ambient conditions, oxygen species adsorb on 

the ZnS surface by capturing electrons from the conduction 

band, leading to the formation of an electron depletion layer 

and an increase in electrical resistance. Exposure to reducing 

gases such as ammonia, hydrogen sulphide, ethanol and other 

volatile organic compounds results in reactions with the 

adsorbed oxygen species, releasing trapped electrons back 

into the conduction band and causing a decrease in resistance, 

whereas oxidizing gases enhance electron withdrawal and 

increase resistance [253,254]. The magnitude of the sensing 

response in ZnS is strongly dependent on particle size, morp-

hology, surface defect density and crystallinity, all of which 

influence charge carrier concentration and surface reactivity. 

Nanostructured ZnS including nanoparticles, nanorods, nano-

wires and nanosheets, consistently exhibits improved sensing 

performance compared to bulk ZnS due to higher surface-to-

volume ratios and a greater number of active adsorption sites 

[255-259]. When the crystallite size approaches the Debye 

length, surface adsorption events modulate the entire conduc-

tion channel, resulting in enhanced sensitivity and faster 

 

Fig. 14. Schematic diagram of H2 production via photocatalytic water splitting for ZnO/ZnS composite [229] 
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response-recovery behaviour. The experimental studies further 

confirm that sulphide vacancies and other intrinsic defects act 

as active adsorption centres and electron donors, improving 

charge transfer during sensing reactions [256,257]. The 

controlled defect generation and elemental doping have been 

shown to enhance electrical conductivity and sensing resp-

onse by introducing localised electronic states and facilitating 

carrier transport, while noble metal incorporation provides 

catalytic activity and promotes efficient charge exchange at 

the sensor surface [43,252-260]. The sensing performance of 

ZnS has been significantly improved through the formation 

of hybrid nanocomposites and heterostructured systems, which 

introduce interfacial electronic interactions and additional 

depletion regions that amplify resistance modulation [254, 

259,260]. ZnS-based composites with metal oxides, layered 

semiconductors and carbonaceous materials exhibit enhanced 

charge transport, improved signal stability and reduced oper-

ating temperatures compared to pristine ZnS [259,261]. 

 The carbon-based ZnS hybrids, in particular, provide 

continuous conductive pathways that facilitate rapid electron 

transfer and improve reproducibility over multiple sensing 

cycles. These engineered materials have been reliably applied 

for the detection of environmentally and industrially relevant 

gases, including ammonia and hydrogen sulphide, where ZnS 

shows strong and reproducible responses due to favourable 

surface interactions. ZnS-based sensors have also demonstra-

ted consistent sensitivity toward volatile organic compounds 

such as ethanol, acetone and methanol, with selectivity gov-

erned by surface chemistry and composite design [40,259-

262]. In addition to resistive gas sensing, ZnS nanostructures 

exhibit stable optical and photoluminescence properties that 

have been exploited for optical and photo-assisted sensing, 

where light-induced charge carriers enhance adsorption kinetics 

and sensing response at reduced operating temperatures. ZnS 

quantum dots and nanocomposites have further been emp-

loyed in chemical and electrochemical sensing platforms for 

the detection of metal ions and small molecules, relying on 

experimentally validated surface interactions and charge 

transfer mechanisms [43,252]. Although challenges such as 

humidity interference, selectivity in complex environments 

and long-term stability remain, the sensing behaviour of ZnS 

and ZnS-based nanocomposites is well supported by reported 

experimental evidence, establishing these materials as tech-

nically reliable and multifunctional sensing platforms. 

 Challenges and future perspectives: Despite remark-

able progress, the practical deployment of ZnS-based hybrid 

nanocomposites across photocatalysis, energy and sensing 

applications remains constrained by several fundamental and 

technological challenges. A key limitation originates from the 

intrinsic wide bandgap of ZnS, which restricts efficient solar 

spectrum utilisation and necessitates advanced band structure 

engineering. While significant progress has been achieved 

through doping and heterostructure formation, achieving an 

optimal balance between enhanced visible-light absorption and 

preservation of strong redox potential continues to be a critical 

challenge, particularly for photocatalytic applications such as 

pollutant degradation, hydrogen evolution and CO2 reduction. 

Another major limitation arises from charge carrier dynamics, 

where rapid recombination of photogenerated electron–hole 

pairs significantly reduces quantum efficiency in photo-

catalytic and photoelectrochemical systems. Although several 

modification strategies have been developed to suppress charge 

recombination and enhance carrier separation, the interfacial 

mechanisms governing charge transfer, carrier lifetime and 

reaction kinetics under practical operating conditions are still 

not fully understood. This gap is especially critical in complex 

systems such as Z-scheme heterostructures and multi-com-

ponent nanocomposites, where charge transfer pathways are 

not yet fully resolved. Photocorrosion and long-term stability 

represent persistent challenges for ZnS-based systems, parti-

cularly under continuous illumination and in aqueous environ-

ments. Structural degradation due to sulphide oxidation not 

only affects photocatalytic efficiency but also limits durability 

in H2 evolution and CO2 reduction systems. Developing intrin-

sically stable architectures that resist photocorrosion without 

relying excessively on sacrificial agents or protective coatings 

remains an important research direction. From an application 

perspective, although ZnS-based materials have shown strong 

potential in hydrogen evolution and CO2 reduction, achieving 

high selectivity toward desired products, especially in multi-

electron processes, is still challenging. In CO2 reduction, con-

trolling product distribution and improving C-C coupling 

efficiency require precise tuning of active sites and reaction 

intermediates. Similarly, in hydrogen evolution, reducing over 

potential and enhancing reaction kinetics without noble metal 

co-catalysts is essential for cost-effective applications. In the 

field of energy storage, ZnS-based materials have been exten-

sively explored, particularly in supercapacitors and battery 

systems, demonstrating high theoretical capacities and prom-

ising electrochemical performance. However, challenges such 

as volume expansion during cycling, limited electrical conduc-

tivity and structural instability hinder their long-term perfor-

mance. Moreover, translating these materials from half-cell 

configurations to practical full-device architectures remains 

a significant barrier. Bridging this gap requires the design of 

robust hybrid structures with improved mechanical integrity 

and charge transport properties. For sensing applications, ZnS-

based nanocomposites offer high sensitivity and tunable surf-

ace properties; however, issues related to selectivity, resp-

onse time and stability under varying environmental condi-

tions remain unresolved. The development of highly selective 

sensors capable of operating under real-world conditions with 

minimal interference is crucial for practical deployment. Beyond 

individual applications, a major overarching challenge is the 

lack of integration of ZnS-based materials into multifunc-

tional platforms. Although substantial progress has been 

achieved in individual application areas, the development of 

integrated systems capable of simultaneously performing 

photocatalysis, energy storage and sensing functions remains 

limited. Advancing such multifunctional platforms is crucial 

for the development of next-generation smart and sustainable 

technologies. 

 Looking forward, future research should focus on atomic 

level material design, enabling precise control over defects, 

interfaces and electronic structures to optimize performance 

across multiple applications. The integration of advanced in 

situ characterisation techniques with theoretical modelling will 

be critical to unravel reaction mechanisms and guide rational 
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material design. Furthermore, data-driven strategies and 

machine learning approaches provide new opportunities for 

accelerating the discovery and optimisation of high-perfor-

mance ZnS-based materials. Parallel efforts toward scalable, 

cost-effective and environmentally sustainable synthesis routes 

are equally important for enabling industrial implementation. 

In addition, the development of multifunctional ZnS-based 

hybrid nanocomposites integrating photocatalytic, energy-

storage and sensing capabilities within a single architecture 

represents a promising direction for future research. Such 

systems could enable integrated solutions for environmental 

remediation, renewable energy generation and real-time 

monitoring, thereby advancing the practical implementation 

of ZnS-based technologies in sustainable development. 

Conclusion 

 This review presents a comprehensive and systematically 

organised assessment of recent developments in ZnS-based 

hybrid nanocomposites for multifunctional applications in 

photocatalysis, energy and sensing. It begins with an over-

view of ZnS fundamentals, including its crystal structure, 

physico-chemical properties, followed by an in-depth discu-

ssion of photocatalytic mechanisms such as charge generation, 

migration dynamics, band structure alignment and key enhan-

cement strategies including doping, defect engineering and 

heterojunction construction. Particular emphasis is placed on 

photocatalytic applications, especially the degradation of 

organic pollutants, highlighting structure–performance relation-

ships. Beyond photocatalysis, the review extends to energy-

related applications, including CO2 reduction and hydrogen 

evolution reactions, along with a detailed discussion on energy 

storage systems such as supercapacitors and advanced batt-

eries, including lithium-ion, sodium-ion and potassium-ion 

batteries, where ZnS-based materials exhibit promising electro-

chemical performance. In addition, the role of ZnS-based 

nanocomposites in sensing applications is critically examined, 

focusing on their sensitivity, selectivity and multi-functional 

integration. Finally, the review summarises current challenges 

and future perspectives, highlighting the importance of rational 

material design, enhanced stability, scalable synthesis and the 

development of integrated multifunctional platforms. This work 

seeks to address existing research gaps by providing a unified 

understanding of the influence of structural and interfacial engi-

neering on the performance and effective utilisation of ZnS-

based systems across diverse technological applications. 
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