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Abstract 
 

The global shift toward sustainable energy requires the development of efficient hydrogen production. In this work, zinc 
oxysulfide (ZnOS) photocatalysts were produced by the hydrothermal method, where careful control of precursor ratios, 
reaction temperatures, and annealing conditions enabled a precise tuning of structural and optical properties. Experimental 
characterization also demonstrated that annealing transforms initially rough, spherical ZnOS particles into smoother, highly 
crystalline forms, as evidenced in scanning electron microscope (SEM) and X-ray diffraction (XRD). Ultra-violet visible (UV-Vis) 
absorption spectroscopy reveals significant enhancements in visible light absorption within the 350 nm range, indicating 
changes in electronic structures and increased charge separation. Ultimately, the successful deposition of ZnOS films onto 
glass substrates demonstrates the scalability and adaptability of our synthesis route for optoelectronic applications. This work 
offers new insights into the behavior of synthesis parameters and photocatalytic performance, suggesting a promising path 
forward for the preparation of high-performance, tunable ZnOS materials for sustainable hydrogen production. 
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1. Introduction 

The global transition towards clean energy systems is in dire 

need of hydrogen production technologies that are clean and 

efficient. Hydrogen, which can significantly reduce carbon 

emissions and help halt global warming, has emerged as a 

crucial energy carrier. The annual global production of 

hydrogen already stands at 75 million tons, of which nearly  

45% is produced through natural gas reforming, indicating a 

significant reliance on fossil fuels.[1] Although hydrogen 

demand is expected to grow at a rate of 6% annually, driven 

by applications in transportation, industry, and electricity 

generation, there is an urgent need for sustainable production 

methods.[2] 

Among the materials researched for hydrogen generation, 

zinc compound-based materials, such as zinc oxysulfide 

(ZnOS), are of significant interest. They are rich, non-toxic, 

and possess properties that can be tuned to be used as 

photocatalytic water splitters and photodetectors.  

Coupling high-temperature and high-pressure 

environments with hydrothermal reactions has yielded ZnOS 

with novel structure and functionality characteristics.[3] 

Synthesis conditions, specifically pressure and temperature, 

play a crucial role in determining the crystal structures of 

ZnOS, including the wurtzite and zinc blende phases. 

Synthesis conditions also favor the generation of mixed 

oxysulfide phases, where zinc oxide (ZnO) and zinc sulfide 

(ZnS) become mutually soluble, thereby stabilizing and 

enhancing the material's functionality.[3] The nano-thin film, 

which provides a smooth and homogeneous nanoparticle 

morphology of ZnOS, is particularly valuable for 

photocatalytic applications. Its increased surface area and 

better efficiency in charge separation are directly equivalent to 

enhanced photocatalytic performance.[4] Compared with 

typical photocatalysts like titanium oxide (TiO2) and pure ZnO, 

ZnOS heterostructures exhibit enhanced charge separation and 

visible light absorption and are highly effective in 

photocatalytic hydrogen evolution. Heterostructures of ZnOS 

exhibit great water splitting under visible light at a hydrogen 

evolution rate as much as 788.7154 µmol g⁻¹ h⁻¹.  
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Precise control over ZnOS properties is achievable due to 

the hydrothermal growth mechanism, and doping with 

trithiocyanuric acid enhances photocatalytic activity by 

improving charge transfer and separation.[5] Recent advances 

in synthesis methods have enabled more effective control of 

ZnOS composition and structure, and even further 

advancements are feasible. High-pressure solvothermal 

treatments have been investigated for the development of 

novel ZnOS morphologies and phases, aiming to enhance their 

performance in hydrogen-related applications.[6,7] The 

efficiency of ZnOS in photocatalytic water splitting depends 

mainly on its optical and structural properties, such as band 

gaps and charge separation efficiency, which are crucial in 

attaining optimum hydrogen yield rates.[8] ZnO thin films are 

extremely suitable for applications such as solar cells and 

photo detectors, offering efficient charge transport and light 

absorption. Control of the optical and electrical properties of 

ZnOS thin films becomes achievable, opening new areas for 

their application in the energy sector. Improvement regarding 

compositional homogeneity on wider substrates, stability 

under extended application, and production scale-up while 

preserving functionality must be undertaken.[9] Despite these 

challenges, ZnOS materials synthesized through hydrothermal 

processes hold tremendous promise for hydrogen generation 

and other energy applications. Further research is needed to 

optimize the synthesis parameters, including temperature, 

pressure, and chemical composition, to realize the potential of 

ZnOS fully.[10,11] 

The climate implications of using fossil fuels underscore 

the urgent need to transition to renewable energy sources. 

Hydrogen is a clean fuel that offers a promising future, as its 

combustion releases only water vapor, thereby reducing 

greenhouse gas emissions.[12] However, conventional means of 

hydrogen generation, such as steam methane reforming and 

water electrolysis, are constrained by cost, efficiency, and 

scale.[13-16]  Metal oxide semiconductors, particularly ZnO, 

hold potential for photocatalysis since they are inexpensive, 

chemically stable, and have good electronic properties.[12] 

However, the wide band gaps of these materials (3.1-3.4 eV) 

limit their light absorption primarily to the ultraviolet (UV) 

region, which accounts for only about 5% of the solar 

spectrum. To utilize the more abundant visible light 

(approximately 50% of the solar spectrum), researchers have 

been exploring methods such as doping, defect engineering, 

and the formation of heterojunctions.[10,17] Unfortunately, such 

strategies lead to problems of dopant precipitation, poor 

solubility, and elevated electron–hole recombination rates, 

which limit photocatalytic efficiency.[17,18] 

One approach is to stabilize high-pressure phases in metal 

oxides using severe plastic deformation techniques, 

specifically high-pressure torsion (HPT). HPT consists of the 

concurrent imposition of high pressure and enormous plastic 

strain that alters the thermodynamic status to stabilize 

naturally unstable phases at atmospheric conditions.[19] For 

instance, HPT processing has successfully transformed the 

customary wurtzite structure of ZnO into a rocksalt phase at 

high pressure, resulting in a narrower band gap and enhanced 

visible-light absorption and photocatalytic activity.[20-22] The 

ZnO–ZnS system has been investigated to prepare zinc 

oxysulfide materials that combine the favorable properties of 

ZnO and ZnS. The mixed compounds offer tunable band gaps, 

making them suitable for applications in photovoltaics and 

photocatalysis.[3,23] Hydrothermal synthesis methods have been 

employed to synthesize uniform semiconductor powders of 

high photocatalytic activity. Hybrid methods involving 

hydrothermal synthesis and calcination have also been 

demonstrated to synthesize ZnOS heterostructures with 

enhanced charge separation and visible light adsorption.[24] 

The flexibility of ZnO-based semiconductors is evident in 

their applications in transistors and optoelectronic devices.[25] 

For photocatalytic applications, the primary challenge is 

overcoming the inherent disadvantage of the wide band gap. 

The phase transformation of ZnO into those with narrower 

band gaps, such as the high-pressure rocksalt phase, has 

substantially enhanced visible-light-driven photocatalytic 

hydrogen evolution.[21,22] The feasibility of wurtzite ZnO 

converting into a novel triclinic nanoporous phase with 

increased proton conductivity via hydrothermal treatment, 

resulting in improved photocatalytic activity.[17] 

Research on the interaction between hydrogen and defects 

in ZnO nanoparticles indicated that oxygen vacancies and 

other defects play a key role in manipulating the electronic 

structure and photocatalytic activity.[18,26] Spectroscopic 

measurements have also confirmed that ZnO nanorods are 

stable under shock wave conditions, as required for 

applications in hostile environments, such as aerospace.[26]  

The extensive optical investigation has provided accurate 

data on the vibrational modes and electronic structures of ZnO 

in its wurtzite and high-pressure rock salt forms.[27,28] In situ 

synchrotron high-pressure X-ray diffraction experiments also 

confirm that the rock salt phase can be stabilized under room 

conditions after HPT processing.[29] Theoretical research 

confirms these experimental findings by indicating that the 

phase transformation from wurtzite to rock salt ZnO results in 

a narrowed band gap due to a shift from mixed ionic-covalent 

to predominantly ionic bonding.[30] Levitas and Javanbakht 

provided a comprehensive study of phase transformations in 

nanograin materials under high pressure and plastic shear,[31] 

explaining the nanoscale mechanisms for the stabilization of 

high-pressure phases at room temperature. More recent studies 

by Razavi-Khosroshahi and Fuji  have further demonstrated 

that such high-pressure phases, when stabilized using HPT, 

exhibit improved photocatalytic properties.[20]  

Severe plastic deformation, as a means of band gap 

engineering, has been taken to the next level by Razavi-

Khosroshahi et al.,[22] whose findings have proven that this 

process can effectively reduce the band gap of metal oxides 

and ceramics, thereby advancing their solar energy harvesting 

ability. Notably, stabilization of the rocksalt high-pressure 

phase in ZnO reduces its band gap to a minimum of 1.8 eV, 
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significantly increasing visible-light absorption and 

photocatalytic performance.[22] 

Zinc oxysulfide phase formation in the ZnO–ZnS system 

is another strongly promising route to band gap engineering. 

The solubility of ZnO and ZnS in two-component systems at 

high pressures and temperatures can be utilized to create 

oxysulfide phases with tailored electronic properties by design, 

thereby opening new avenues in the design of efficient 

photocatalysts.[3,23] The paper reports systematic studies of 

ZnOS structures developed through hydrothermal 

experiments and their application in hydrogen production. We 

investigate the relationship between synthesis parameters, 

structural properties, and functional performance with the goal 

of optimizing photocatalytic performance. Our research 

addresses major material synthesis challenges and provides 

insight into the relationship between the material's structure 

and properties, particularly in terms of their impact on the 

efficacy of hydrogen evolution. We also explore ways to 

maximize the stability and scalability of such materials for 

actual use.[32] 

2. Materials and methods 

2.1 Chemicals 

All chemicals used in this study were analytical grade and 

were used without further purification. Zinc acetate dihydrate 

(Zn(CH₃CO₂)₂·2H₂O, 5 g) and thiourea (5 g) were procured 

from Sigma-Aldrich. Urea and ammonia solutions were also 

employed for deposition on glass substrates. Distilled water 

was used throughout as a solvent to minimize the level of 

interference caused by impurities. 

2.2 Preparation method 

A schematic illustration of the hydrothermal synthesis and 

post-treatment process is presented in Fig. 1. The process 

begins with individual preparation of precursor solutions of 

Zn(CH₃CO₂)₂·2H₂O and thiourea in distilled water and 

controlled heating inside a Teflon-lined autoclave. The 

powders formed are collected after cooling, washed, dried, and 

optionally annealed at elevated temperatures to enhance 

crystallinity. 

For ZnOS-1, zinc acetate dihydrate was dissolved in 40 mL 

of distilled water and stirred at room temperature for 1 h. 

Meanwhile, thiourea was dissolved in another 40 mL of 

distilled water at 30 °C for 1 h. The two solutions were then 

combined, maintaining a 1:1 mass ratio to achieve a total 

volume of 80 mL, and stirred for an additional hour to achieve 

homogeneity. The mixed solution was transferred into a 30 mL 

Teflon-lined autoclave and heated at 200 °C for 24 h. The 

autoclave was subsequently allowed to cool down to room 

temperature spontaneously after the reaction, and the pH of the 

solution was determined to be 5, a neutral medium. The 

synthesized powders were obtained by centrifugation at 5000 

rpm for 5 minutes at 25 °C, washed with ethanol and distilled 

water, and oven-dried at 60 °C for 3 h. The sample was then 

dried and divided into two portions, one of which was 

annealed for 2 h at 500 °C. The same experiment was done 

with smaller amounts of precursors for ZnOS-2. Here, 1 g of 

zinc acetate dihydrate and 1 g of thiourea were dissolved 

separately in 50 mL of distilled water.  

The deposition reaction was allowed to occur at 180 °C for 

18 h, and the resulting powders were then annealed at 350 °C 

for 2 h. This sample was then characterized by scanning 

electron microscopy (SEM), X-ray diffraction (XRD), and 

Fourier transform infrared (FTIR) spectroscopy. For ZnOS-

Glass film, the synthetic method was optimized for glass 

substrate deposition. Glass substrates (20 × 20 mm) were 

cleaned with acetone and methanol in an ultrasonic bath, and 

then distilled water was used to wash them. Deposition was 

carried out by dissolving 0.55 g (0.05 M) of zinc acetate 

dihydrate and 0.2 g (0.05 M) of thiourea in 50 mL of distilled 

water for both precursors. Additionally, a 10% urea solution 

(2.5 g urea in 25 mL of distilled water) and 25 mL of ammonia 

solution were added to the reaction bath. After synthesis, the 

synthesized ZnOS-Glass film was annealed in an oven at 

400 °C for 30 min. The hydrothermal method employed here 

is highly reputed for synthesizing high-quality nanomaterials 

under relatively mild conditions.[33] 

 

Fig. 1: Schematic illustration of the hydrothermal synthesis route for ZnOS powders. 
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2.3 Materials characterization 

An array of sophisticated analysis techniques was employed 

to characterize the structural, compositional, and optical 

properties of the products. For ZnOS-1, SEM and energy-

dispersive X-ray (EDS) analysis were employed to examine 

the surface morphology and determine the elemental 

composition, as indicated in Figs. 1 and 2. ZnOS-2 was 

examined by XRD to identify its crystallographic structure 

and phase purity, and FTIR spectroscopy was employed to 

investigate chemical bonding and identify functional groups; 

the corresponding results are indicated in Figs. 3-5. For ZnOS-

Glass film, deposited on glass substrates, other optical 

characterization techniques were used. The optical properties 

were investigated using ultra-violet-visible (UV-Vis) 

absorbance spectroscopy, and Raman spectroscopy provided 

details on the nature and type of bonding and vibrational 

modes of the film. These, along with further SEM, XRD, and 

FTIR measurements, are presented in Figs. 6-10. 

 

3. Results and discussion 

3.1 Morphological and compositional analysis of ZnOS-1 

Fig. 2(A) is the surface of ZnOS-1 before annealing, with 

spherical particles that are uniformly sized but have a rough 

surface. The particles are more rounded in some areas, while 

others exhibit flatter surfaces. The scale bar indicates the 

particles are approximately the size of microns. In Fig. 2(B), 

the surface after annealing reveals that the particles remain 

spherical but are smoother and more uniform. The roughness 

observed in the first image is less pronounced due to sintering 

or particle fusion during annealing, resulting in a smoother 

surface. The particle size distribution remains unchanged, but 

the surface texture is significantly improved. The preparation 

method involved applying a conductive carbon adhesive tape 

and then coating the ZnOS-1 with gold-palladium to make it 

conductive for SEM imaging. A 10 nm thick coating with a 

60/40 ratio is suitable for providing conductivity while not 

covering the surface features. 

As seen in Fig. 2, the surface morphology before annealing 

exhibits a "flower " structure, with a zinc oxide (ZnO) sphere 

inside zinc sulfide (ZnS). EDS spectra contain peaks for Zinc 

(Zn), Oxygen (O), and Sulfur (S), which are expected due to 

the presence of ZnO and ZnS. For Fig. 2A, the Oxygen peak 

is extremely high, while for Fig. 2B, it is not quite as high. 

This suggestion resulted in decreased oxygen content, likely 

due to enhanced oxysulfide formation. The important point is 

that annealing caused a transition toward more oxysulfide 

from more ZnO, as evidenced by the decrease in the O peak 

and the alteration of the Zn and S peaks. This agrees with the 

observed morphological transformation, where the surface 

becomes more crystalline and spherical. The EDS spectra 

confirms the formation of a more crystalline phase of 

oxysulfide upon annealing (Fig. 3). 

In Fig. 4, the elemental overlay superimposes to reveal the 

distributions of oxygen (red), sulfur (yellow), and zinc (green), 

which predominantly reflect an oxygen-rich surface 

representative of the ZnO-dominant phase prior to heat 

treatment. The individual elemental maps also reveal that the 

oxygen signal is the highest, followed by sulfur, which is the 

weakest, and zinc, which is homogenously distributed across 

the particles. These results are in line with the EDS spectra 

(Fig. 3A) and verify the original heterogeneity reported in the 

as-synthesized ZnOS-1 sample. Fig. 5 displays a more 

uniform distribution of oxygen, sulfur, and zinc, with the 

sulfur signal appearing more uniform and a general reduction 

in oxygen intensity. The individual maps confirm the heat 

treatment has caused the formation of a more homogeneous 

ZnOS phase, as observed by the greater uniformity and better 

Zn–S features compared to the pre-annealed situation. This is 

consistent with the corresponding changes observed in the 

EDS spectra (Fig. 3A) and the more uniform surface 

morphology of the SEM images. 

 

3.2 Crystallographic and chemical analysis of ZnOS-2 

XRD spectrum was obtained using a Rigaku instrument with 

Cu Kα radiation (λ = 0.154 nm) over a range of 10–90°. Fig. 

6 presents the XRD pattern of ZnOS powders with well-

resolved diffraction peak match well the sphalerite (cubic)  

 
Fig. 2: SEM micrographs of ZnOS-1: (A) before annealing, spherical particles with relatively rough surfaces, and (B) after annealing, 

revealing smoother and more homogenized spheres.  
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Fig. 3: EDS spectra of ZnOS-1: (A) before annealing, showing intense Zn, O, and S peaks and a very intense oxygen signal, and (B) 

after annealing, with reduced oxygen intensity and enhanced oxysulfide formation.  

 
Fig. 4: EDS mapping of ZnOS-1 powder before annealing. 

 
Fig. 5: EDS mapping of ZnOS-1 powder after annealing. 
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ZnS reference pattern (JCPDS 05-0566) indexed to the planes. 

The sharp and intense reflections confirm high crystallinity, 

and fine shifts in the peak positions indicate the partial 

incorporation of oxygen to achieve ZnOS. The crystallite size 

𝐷  was estimated using the Debye-Scherrer equation in Eq. 

(1):[34] 

𝐷 = 𝐾𝜆/𝛽𝑐𝑜𝑠𝜃                (1) 
where 𝐾 = 0.95  is the shape factor, 𝜆 = 0.154 𝑛𝑚  is the 

wavelength of the X-ray source, 𝛽  is the full width at half 

maximum (FWHM) of the peak, and 𝜃 is the diffraction angle 

corresponding to the peak intensity. 

 
Fig. 6: XRD pattern of ZnOS-2 powders, showing characteristic 

diffraction peaks at 2θ values of 28.6, 47.8, and 56.6°, indicative 

of its crystalline structure. 

 

The FTIR spectrum of ZnOS powder, shown in Fig. 7, 

exhibits intense transmittance ranging from 60% to 100% in 

the range of 4000–500 cm⁻¹, indicating optical clarity in this 

region of the spectrum. The occurrence of typical absorption 

at 1000–900 cm⁻¹ is indicative of Zn–O stretching vibration, 

and the steep fall at 500 cm⁻¹ is indicative of Zn–S bonds. The 

smooth spectrum with few peaks in the higher wavenumber 

area (4000–1500 cm⁻¹) ensures the purity of the ZnOS-2, i.e., 

the absence of organic impurities or hydroxyl groups. The 

SEM of the surface morphology of ZnOS-2 and ZnOS Glass 

film reveals clusters of spherical powders of varied sizes, 

between approximately 1 and 5 µm (Figs. 8 and 9). Similar to 

ZnOS-1, sulfide morphologies occur as surface coverages on 

spherical zinc oxides. 

 
Fig. 7: FTIR spectrum of ZnOS-2, illustrating the transmittance 

profile and characteristic vibrational peaks associated with its 

functional groups. 

 

3.3 Optical and structural properties of the ZnOS-glass 

film 
Fig. 10 shows the UV-Vis absorbance spectrum of ZnOS films 

grown on glass before and after annealing, measured between 

300 nm and 800 nm. The as-deposited sample exhibits a 

reduced absorption at the near-UV range, whereas the 

annealed film has an enhanced absorbance peak near 350 nm. 

Such increased absorption after heat treatment can be 

attributed to increased crystallinity, the formation of defect 

states, or a slight decrease in the band gap, which are all 

responsible for increased visible-light harvesting. 

 
Fig. 8: SEM micrographs of ZnOS-2, displaying spherical particles with comparatively homogeneous particle size distribution (A) 

and textured morphology (B). 
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Fig. 9: SEM images of ZnOS after annealing on a glass substrate, showing surface morphology at different magnifications (A–F) 

and SEM cross-section images illustrating the film thickness and structural features (G–I).  

 

The findings agree with previous research on similar 

materials. For instance, Arsad et al.[35] found that annealing 

ZnS thin films enhanced optical absorption and led to 

structural changes due to increased crystallinity and defect 

formation. The enhanced absorption characteristic at around 

350 nm after annealing indicates that heat treatment 

effectively alters the electronic characteristics of the material, 

thereby improving the performance of devices that utilize 

optical absorption. 

 

Fig. 10: UV-Vis absorbance spectra of the ZnOS-glass film, 

comparing the as-deposited and annealed states over the 300-

800 nm range. 

To establish the structural and optical characteristics of 

ZnOS films deposited on glass substrates, a suite of 

complementary analytical methods was employed. Fig. 11 is 

the XRD pattern of the ZnOS film. The broad features, 

approximately centered between 20–40° and 50–70° (2θ), 

suggest that the film is predominantly amorphous or 

composed of very small crystalline domains. This is 

characteristic of ZnOS materials under mild growth conditions, 

where mixed oxide/sulfide phases or incomplete 

crystallization may lead to lower long-range order. These 

general properties suggest a mixture of ZnS and ZnO phases 

within the ZnOS matrix. Annealing has been observed to 

enhance crystallinity by providing heat energy that facilitates 

atomic reorganization, often resulting in narrower and more 

intense diffraction peaks.[36] 

The Raman spectrum in Fig. 12 shows distinct differences 

between the annealed and non-annealed ZnOS films. The 

spectrum shows sharp and strong peaks, particularly at around 

1100 cm⁻¹, prior to annealing, which are typical vibrations of 

zinc oxysulfide structures. The peaks become broader and 

weaker after annealing, indicating the structural 

transformation caused by the annealing treatment. The shift of 

the peaks from 1100 cm⁻¹ to 1000 cm⁻¹ reveals the further 

oxidation of the structure, with sulfur atoms being partially 

replaced by oxygen. All these modifications are accompanied 

by improved crystal quality and a reduction in defect density, 

which are typical outcomes of thermal annealing for similar 

materials.[37] 
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Fig. 11: XRD spectrum for ZnOS-Glass film. 

 
Fig. 12: Raman spectrum of ZnOS glass film before and after 

annealing. 

 

Fig. 13 is the FTIR spectrum of the annealed ZnOS thin 

film (ZnOS-Glass film) in the mid-infrared region (400–

4000 cm⁻¹). The presence of a strong absorption band at 

approximately 1000 cm⁻¹ usually points to oxysulfide (Zn–O–

S) or metal–oxygen–sulfur vibrational modes, and a peak 

around 450 cm⁻¹ is caused by Zn–S stretching. Glass 

substrates, however, typically contain broad Si–O–Si bands 

between 900 and 1200 cm⁻¹. Hence, the presence and intensity 

of such Zn–O–S and Zn–S peaks are a definite indication that 

S and Zn are present in the film. 

Upon annealing, such infrared (IR) absorption bands may 

alter or vary in intensity due to changes in bonding, 

crystallinity, or phase segregation. For instance, enhanced 

crystallinity would narrow and intensify peaks, and more 

oxidation could lead to shifts in the main absorption features 

to higher wavenumbers. Tracking these trends over a sequence 

of annealing temperatures and times is helpful in maximizing 

film quality and ensuring that the final material composition is 

as predicted for the application in optoelectronic devices or 

sensors.[38] 

 
Fig. 13: FTIR spectrum of ZnOS/glass, showing characteristic 

vibrational peaks corresponding to functional groups and 

structural features of the material. 

 

Collectively, the information gathered from XRD, Raman, 

and FTIR spectroscopic findings suggests that annealing plays 

a key role in promoting structural order and modulating the 

optical properties of ZnOS thin films, thereby paving the way 

for optimizing such films for advanced optoelectronics and 

solar technologies. 

 

4. Conclusion 

This research fully explored the hydrothermal synthesis of 

ZnOS architectures and their photocatalytic performance as 

efficient photocatalysts for hydrogen evolution. Our findings 

illustrate that synthesis conditions, such as precursor ratios, 

reaction temperature, and annealing conditions, are crucial in 

controlling the morphology, crystallinity, and optical 

properties of ZnOS materials. ZnOS powders (ZnOS-1 and 

ZnOS-2) showed uniform spherical particles with noticeable 

morphological changes upon annealing. SEM images revealed 

that annealing smoothened surface roughness through 

sintering or fusion of particles, and XRD patterns revealed that 

the heat treatment enhanced crystallinity by promoting the 

formation of a well-ordered, mixed ZnO–ZnS phase. EDS and 

FTIR analysis also established the shift in composition from 

nearly pure ZnO to a compound dominated by oxysulfides. 

The ZnOS Glass film also exhibited improved optical 

properties upon annealing. The UV-Vis absorbance spectra 

showed a remarkable increase in absorbance around 350 nm, 

indicating that annealing facilitated not only an enhancement 

in crystallinity but also the effective tailoring of the electronic 

structure, presumably due to the creation of defect states or the 

narrowing of the bandgap. These are directly related to the 

proven improvement in photocatalytic activity. The successful 
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deposition of ZnOS on glass substrates demonstrates the 

versatility of the hydrothermal synthesis process, highlighting 

its suitability for applications in integrated optoelectronic 

devices and large-scale water-splitting cells for hydrogen 

generation. The enhanced visible light charge separation and 

absorption of the ZnOS heterostructures demonstrate the 

heterostructures' capability to outcompete conventional 

photocatalysts, such as TiO₂ and bare ZnO, in water splitting 

systems. 

Building on these promising results, further optimization 

of hydrothermal conditions, specifically reaction time, 

precursor concentration, and annealing temperature, can 

achieve even greater control over the ZnOS phase composition 

and crystallinity. Research into varying annealing atmospheres 

(e.g., inert or reducing) can also achieve more stable and 

defect-engineered structures. Research into techniques such as 

lanthanide doping or heterojunction formation can also fine-

tune the band gap to better visible light absorption. These 

modifications may also improve the efficiency of charge 

separation and, hence, the rate of photocatalytic hydrogen 

evolution. To bridge the gap between laboratory experiments 

and actual applications, future studies need to focus on 

addressing the scalability of the synthesis procedure and the 

long-term stability of ZnOS photocatalysts under practical 

conditions.  

Long-term durability testing under extended light and 

operating stress will be necessary for commercialization. 

Advanced mechanistic studies, combined with in situ 

characterization techniques (e.g., synchrotron X-ray 

diffraction, time-resolved spectroscopy), can further clarify 

the phase transformation mechanisms and the roles of defects 

in ZnOS photocatalytic activity. Hydrothermal synthesis of 

ZnOS materials is a promising approach for designing tunable, 

high-efficiency photocatalysts for the production of green 

hydrogen. The knowledge gained from this study unlocks 

paths to further advancement in the engineering and material 

design process, which can ultimately enable the application of 

clean energy technologies. 
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