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ABSTRACT 

Photocatalysis, driven by semiconductor nanoparticles under visible or ultraviolet light, has emerged as a powerful 

and sustainable approach for environmental remediation and clean energy production. In this study, we investigate the 

photocatalytic potential of tin (0, 2, 4, 6, 8, 10) mole % alloyed with zinc sulfide (ZnSnS) nanoparticles as efficient catalysts 

for various environment and energy-related applications. ZnSnS nanoparticles were produced via a simple microwave 

irradiation technique. Comprehensive structural characterization through X-ray diffraction (XRD), FESEM, EDAX and 

HRTEM confirmed the successful incorporation of tin atoms into the ZnS crystal lattice. Optical study indicated significant 

blue shifts in the absorption edge, extending the light absorption into the visible region, a key advantage for photocatalytic 

applications. Photocatalytic experiments were conducted to evaluate the performance of Zn-alloyed SnS nanoparticles in 

degrading organic pollutants and hydrogen evolution from water splitting reactions. Our results revealed remarkable 

enhancements in photocatalytic activity. The enhanced efficiency can be credited to the creation of fresh energy levels within 

the bandgap, aiding in the separation and movement of charges, and also to the heightened light absorption caused by the 

reduced bandgap. Furthermore, stability tests indicated the durability of (ZnSnS) nanoparticles, making them suitable 

candidates for long-term applications in real-world environments. The observed photocatalytic activity enhancements hold 

promise for addressing environmental issues, including wastewater treatment, air purification, and hydrogen production for 

clean energy. 
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1. INTRODUCTION

In recent years, nanotechnology has become a 

groundbreaking technology that has revolutionized 

various industries, altering the characteristics of 

fundamental materials through manipulation at the 

atomic level (Nasrollahzadeh et al. 2019). This 

transformation has brought significant changes across 

various sectors, including medicine and electronics. At 

the nanoscale, insulating materials can be made to behave 

like conductors, such as silicon. Certain materials like 

gold can transition from a solid state to a liquid state at 

room temperature. These significant changes are solely 

attributed to nanotechnology. Nanomaterials play a 

crucial role in removing toxins from the environment. 

Managing and eliminating environmental pollution has 

become a significant challenge today. Introducing toxic 

substances into the water from textile, leather, and paper 

factories profoundly affects living organisms (Juan et al. 

2020). Human health is affected by environmental 

pollution caused by azo dyes such as malachite green 

(MG), resulting in conditions like skin diseases, allergies, 

etc. (Mehra et al. 2021).  

As a result, scientists are exploring new 

multidisciplinary materials using nanotechnology to 

address this critical situation. Zinc sulfide (ZnS) exhibits 

a direct bandgap in two distinct structures. The bandgap 

of the cubic structure is approximately 3.5- 3.7 eV, while 

that of the wurtzite structure is 3.7-3.8 eV. ZnS 

demonstrates high thermal stability, is non-toxic, and its 

ability to readily accept dopants makes it suitable for 

various applications in optoelectronic devices, 

photocatalyst, UV detectors, gas sensors, etc. 

Researchers are currently concentrating on combining 

metal ions with ZnS to adjust the optical bandgap of the 

basic materials (Xu et al. 2018). Additionally, ZnS acts 

as a hindrance to the combination of electron-hole pairs. 

ZnS has been alloyed with various metal ions such as Sn, 

Cu, Fe, Cr, Pb, etc. (Tong et al. 2023).  

Pure ZnS nanomaterials do not show high 

photocatalytic activity because of their high bandgap 

value. Notably, the bandgap value of ZnS nanomaterials 

decreases when alloyed with Sn compared to pure ZnS, 

indicating the successful insertion of energy levels of 

alloy into the host ZnS energy band (Gowdhaman et al. 

2018). This bandgap tuning enhances the photon 

absorption in the visible region, thereby significantly 

increasing the photocatalytic activity of ZnS 

nanomaterials (Yin et al. 2016; Rajabi et al. 2015; 

Sharma et al. 2021). By varying the alloy's composition, 

one can attain characteristics between the two end binary 

components, SnS and ZnS. ZnS nanoparticles are 

prepared by various physical and chemical methods such 
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as Co-precipitation (Kripal et al. 2010; Hammad et al. 

2015), hydrothermal (Sabaghi et al. 2018), vacuum 

evaporation technique (Velumani and Ascencio, 2004), 

electrode deposition (Zhou et al. 2013), Microwave 

assisted co-precipitation (Sonawane et al. 2024) etc., 

There is extensive research on both doped and undoped 

ZnS nanoparticles. As far as I am aware, there are no 

reports of a study on Sn alloyed with ZnS nanoparticles. 

Considering the challenges in forming the alloy, we 

intend to use a cost-effective Solvothermal Microwave 

Irradiation (SMI) technique (Gowdhaman et al. 2021) to 

synthesize Sn-alloyed ZnS at concentrations of 0, 0.02, 

0.04, 0.06, 0.08, and 0.1M. As a solvent, ethylene glycol 

helps reduce particle size and promote the formation of a 

uniform distribution of particles, thereby optimizing the 

optical characteristics of the nanoparticles reported by 

(Saravanan et al. 2012). The SMI method was employed 

to produce a large quantity of ZnSnS nanoparticles. The 

nanoparticles synthesized underwent characterization 

using XRD, FESEM, and HRTEM to analyze their 

structural characteristics. EDAX revealed the elements 

present in the sample, and optical properties were 

investigated through UV absorption spectra. The 

attributes of ZnS nanoparticles with Sn alloy show that 

these particles are effective photocatalysts for breaking 

down water pollutants. 

2. EXPERIMENTAL METHOD 

Zinc (II) acetate dihydrate (CH3COO)2Zn· 

2H2O) is likely used as a source of zinc ions (Zn²+) in the 

synthesis process. Zinc ions are a crucial component for 

forming the Zn1-xSnxS nanoparticles. Tin (II) chloride is 

the tin ions (Sn²+) source for creating the Zn1-xSnxS 

nanoparticles. The presence of tin ions is crucial in 

regulating the composition of the nanoparticles. Thiourea 

(CH4N2S) is commonly utilized as a source of sulfur in 

producing metal sulfide nanoparticles, which contribute 

to the formation of the sulfide phase in the nanoparticles, 

including Zn1-xSnxS. Ethylene Glycol (C2H6O2) is a 

common solvent in various chemical processes, 

including nanoparticle synthesis. It may be used as a 

reaction medium or solvent to facilitate the reaction and 

control particle size and morphology. 

The synthesis of Zn alloyed SnS nanoparticles 

likely involves a combination of these chemicals, along 

with a well-defined synthesis method, to control the 

composition and properties of the resulting nanoparticles. 

The exact procedure and conditions for synthesizing 

these nanoparticles depend on our specific research or 

application goals. Additionally, the choice of precursor 

chemicals and reaction conditions will influence the 

nanoparticles' characteristics. Start by dissolving 0.1 M 

of zinc (II) acetate dihydrate and 0.02 M of tin (II) 

chloride dihydrate in 100 ml of ethylene glycol. Stir this 

solution at room temperature for 30 minutes. Dissolve 0.3 

M of thiourea in a separate container of 100 ml of 

ethylene glycol at ambient temperature. Gradually 

incorporate the thiourea solution into the existing 

solution containing zinc and tin compounds, ensuring 

continuous agitation. To have a uniform solution, 

agitating the mixture for an extra hour at room 

temperature is necessary. Pour the resulting 

homogeneous solution, which should have a volume of 

around 200 ml, into a microwave-safe bowl with double 

walls. Place this bowl in a microwave oven commonly 

found in households and heat it until the solvent 

evaporates completely, creating a colloidal precipitate. 

Allow the colloidal particles to reach room temperature 

without any external interference naturally. The residue 

should be thoroughly cleansed using double-distilled 

water and acetone to remove any remaining impurities 

and unreacted precursor compounds. The same 

procedure was followed for other Sn (0.04, 0.06, 0.08, 

and 0.1 M) concentrations. Ultimately, the synthesized 

nanoparticles can be collected for further 

characterization. For the Synthesis of pure ZnS 

nanoparticles the following procedure was employed. At 

first dissolving 0.1 M of zinc (II) acetate dihydrate in 100 

ml of ethylene glycol. Stir this solution at room 

temperature for 30 minutes. Dissolve 0.3 M of thiourea 

in a separate container of 100 ml of ethylene glycol at 

ambient temperature. Gradually incorporate the thiourea 

solution into the existing solution containing zinc, 

ensuring continuous agitation and the same above 

mentioned procedure was followed.  

3. PHOTOCATALYTIC ACTIVITY 

The photocatalytic process using synthesized Sn 

alloyed ZnS nanostructures to degrade malachite green 

(MG) dye in water under UV irradiation in the air was 

studied. Initially, they dissolved 10 parts per million 

(ppm) of MB dye in 1000 millilitres of deionised water. 

They used a magnetic stirrer for 30 minutes to get a 

completely dissolved solution. A solution in which the 

dye is fully dissolved in deionised water is referred to as 

a stock solution. A 30 mg catalyst was added to a 50 ml 

stock solution. The mixture was then agitated constantly 

for 10 minutes and stored in a dark area. The graph was 

plotted at the wavelength of the MG dye at 617 nm. 

Subsequently, the solution underwent UV irradiation at 

various time intervals. Subsequently, UV absorption 

measurements were conducted at 30-minute intervals to 

monitor the breakdown of the dye. The decolourization 

demonstrates the photo-catalytic capability of Zn1-xSnxS 

nanoparticles. The determination of degradation 

efficiency can be achieved using the formula provided 

below: 

Degradation (%) =  
(A0−A𝑇)

A0
 x 100%           (1) 

The absorbance values of the dye solution 

before UV irradiation are denoted as A0, and the 

absorbance values of the dye solution after UV 

irradiation are denoted as AT. 
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4. RESULTS AND DISCUSSION 

4.1. Structural Analysis 

The XRD patterns of both unalloyed and Zn-alloyed ZnS 

nanoparticles were examined, revealing a high level of 

crystalline quality. SnS nanoparticles have a maximum 

peak in (2θ = 28.367°) (JCPDS: 89-2755), and ZnS 

nanoparticles have a maximum peak in (2θ = 28.587°) 

(JCPDS file no. 65-5476). From the obtained X-ray 

Spectra we revealed that the synthesized nanoparticles 

are belongs to cubic crystal structure. As the 

concentration of Sn increases from 0.02 to 0.10 M, the 

dominant peak (1 1 1) continuously shifted towards the 

lower angle side. This peak shift confirming the 

formation of alloyed structure rather than formation of 

composites or separate nucleation of ZnS or SnS. 

(Jasrotia et al. 2022). The absence of any additional 

impurity diffraction peaks upon introducing the Sn into 

the ZnS lattices confirms the formation of a single-phase 

in both unalloyed and Sn-alloyed ZnS nanoparticles. As 

the amount of Sn increases in the parent ZnS lattices, 

other dominant peaks become less intense and 

continuously shifted towards the lower angle side. The 

Gaussian-fitted peaks for the (111) planes clearly show a 

slight shift in the peak position, confirming the successful 

alloying of Sn with ZnS nanoparticles. This shift, along 

with the intensity variation observed with increasing Sn 

incorporation from 0.02 to 0.10 M, is presented in Figure 

1(b), further supporting the incorporation of Sn into the 

ZnS lattice. 

The Scherer formula offers a method for 

determining the sizes of crystallites based on the FWHM 

of diffraction peaks. Crystallite sizes were found to be in 

the range from 25 to 50 nm. The lattice constant (a) varies 

depending on the Sn concentration, and their values are 

given in table 1. The lattice constant for the synthesized 

cubic crystal phase of pure ZnS and Sn alloyed ZnS 

nanoparticles are calculated using the following formula. 

1

𝑑2(hkl)
= (

ℎ2+𝑘2+𝑙2

𝑎2
)    (2) 

Where d(hkl) is the interplanar distance 

(nm).With the help of the W-H plot (Fig. 1(c)), it is 

possible to make estimations regarding the lattice 

parameters of Sn alloyed ZnS nanoparticles. The values 

of the lattice strain, derived from the W-H plots and 

provided in table 1, show that the strains are extremely 

minute. The random variation of micro strain values with 

increasing Sn concentration in ZnS observed in the 

Williamson-Hall (W-H) plot can be attributed to several 

factors. The incorporation of Sn into the ZnS lattice 

causes lattice distortion due to the size difference 

between Zn2+ and Sn ions, leading to strain. However, 

non-uniform substitution, the possible formation of 

secondary phases or Sn-rich clusters, and the introduction 

of crystal defects can cause irregular changes in strain. 

These factors together lead to the observed random 

fluctuations in micro strain with varying Sn 

concentrations (Kumar et al. 2019). The change in 

crystallite size was observed as the concentration of Sn 

increased, as indicated by both the W-H method and 

Scherer’s equation. The crystallite size and the unit cell 

properties have been influenced by the doping 

concentration of Sn (Chandrasekar et al. 2024). 

 

 

 

Fig. 1: (a) XRD patterns of Zn1-xSnxS (x=0, 0.02, 0.04, 0.06, 0.08, 
0.1 M) nanoparticles. (b) Gaussian peaks fitted to the (1 1 1) 
plane for Zn1-xSnxS (x=0, 0.02, 0.04, 0.06, 0.08, 0.1 M) 
nanoparticles. (c) W-H plots for Zn1-xSnxS (x=0, 0.02, 0.04, 
0.06, 0.08, 0.1 M) nanoparticles 
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Fig. 2: FESEM images of (a) ZnS, (b) Zn0.98Sn0.02S, (c) Zn0.96Sn0.04S, (d) Zn0.94Sn0.06S, (e) Zn0.92Sn0.08S, (f) Zn0.9Sn0.1S nanoparticles 

Fig. 2 depicts FESEM  images of  Zn1-xSnxS (x 

= 0, 0.02, 0.04, 0.06, 0.08 and 0.1M) nanoparticles. The 

FESEM images indicate that Zn1-xSnxS nanoparticles 

exhibit excellent dispersion with a narrow size 

distribution and a spherical shape. The uniform 

distribution of nanoparticles enables an accurate 

determination of the particle diameter. With increased Sn 

concentration, the nanoparticles' size decreases from 50 

nm to 25 nm. Sn concentration at 2% reported particle 

size is 35-40 nm. For 10% Sn concentration, particle size 

varies from 25-30nm. Overall, the ZnSnS nanoparticle 

size changed by 60- 62% due to the change in the Sn 

concentration. 

4.2 Elemental Analysis 

Fig. 3 depicts High-Resolution Transmission 

Electron Microscopy (HRTEM) images and Selected 

Area Electron Diffraction (SEAD) patternsfor (a) ZnS, 

(b)Zn0.98Sn0.02S, (c) Zn0.94Sn0.06S, (d) Zn0.9Sn0.1S 

nanoparticles. Zn1-xSnxS nanoparticles in the HRTEM 

microstructure are evenly distributed and have a uniform 
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spherical shape with a narrow size range. The crystallite 

size of the (a) pure ZnS nanoparticle is 5.6 nm, and (b) 

Zn0.98Sn0.02S, (c) Zn0.94Sn0.06S, (d) Zn0.9Sn0.1S 

nanoparticles, is 4.7 nm, 3.9 nm, and 3.6 nm, 

respectively. As the Sn concentration increases, the 

crystallite size from HRTEM micrographs decreases. 

The calculated crystallite size values align well with the 

values from the XRD data. The (111), (2 2 0), and (3 1 1) 

lattice planes of Cubic ZnS are represented by the 

diffraction rings observed in the SAED pattern, and these 

results align well with the findings of the XRD analysis. 

Measurement of the interplanar distance (d) is also 

carried out based on the SAED patterns. These findings 

agree with the X-ray diffraction (XRD) results. It 

revealed that the Sn alloyed ZnS nanoparticles were 

synthesized successfully using the SMI technique. An 

effective analytical method called Energy Dispersive X-

ray Spectroscopy (EDAX) is utilized to qualitatively and 

quantitatively analyze the elemental composition of 

materials. EDAX analysis is commonly integrated with 

scanning electron microscopy (SEM) to provide 

information about the sample's elemental composition at 

specific points or areas of interest. Here's an overview of 

how EDAX analysis works. 

 

Fig. 3:  High-Resolution Transmission Electron Microscopy images and Selected Area Electron Diffraction patterns for (a) 
ZnS (b)Zn0.98Sn0.02S, (c) Zn0.94Sn0.06S, (d) Zn0.9Sn0.1S nanoparticles 
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Fig. 4 shows the EDAX spectrum of (a) ZnS, (b) 

Zn0.98Sn0.02S, (c) Zn0.96Sn0.04S, (d) Zn0.94Sn0.06S, (e) 

Zn0.92Sn0.08S, (f) Zn0.9Sn0.1S nanoparticles. The EDAX 

analysis showed that all the sample elements (Zn, Sn, S) 

were in the expected stoichiometric ratio, and no 

additional elements were detected. The figure provides 

the elemental atomic weight percentage values. The 

EDAX analysis confirmed the purity of the samples. 

 

 

Fig. 4: EDAX spectrum of (a) ZnS,(b) Zn0.98Sn0.02S, (c) Zn0.96Sn0.04S, (d) Zn0.94Sn0.06S, (e) Zn0.92Sn0.08S, (f) Zn0.9Sn0.1S nanoparticles 

4.3 Optical Study  

Fig. 5 depicts the UV absorption spectra of ZnS, 

Zn0.98Sn0.02S, Zn0.96Sn0.04S, Zn0.94Sn0.06S, Zn0.92Sn0.08S, 

Zn0.9Sn0.1 Snanoparticles. The unalloyed and Sn alloyed 

ZnS nanoparticles exhibit shorter wavelength tail bands 

in their absorption spectra, indicating a narrow and 

uniform particle size distribution (Abd et al.2010). It is 

evident from the spectra that the absorption peak 

intensifies as the concentration of Sn increases. The 

bandgap energy (Eg) values for Sn alloyed ZnS 

nanoparticles were determined from the Tauc plot and are 
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given table 2. By changing to a high value, the 

concentration of Sn, the bandgap changed to a low value, 

because the Fermi energy level overlaps with the 

conduction band. This particular property of Sn-alloyed 

ZnS nanomaterials holds significant potential for various 

applications across multiple fields, such as optoelectronic 

devices, sensors, and as an efficient photocatalyst (Shah 

et al. 2023; Gediet al. 2016; Sebastian et al. 2020; 

Kunapalliet al. 2022). 

Table 1. The calculated structural data of Zn1-xSnxS (where x 
= 0, 0.02, 0.04, 0.06, 0.08 and 0.1) nanoparticles from powder 

XRD spectra 

Sample 

Name 

Peak 

Position  

(deg) 

a 

(Å) 

Crystallite Size 

(nm) 
Micro 

Strain 

(x10-3) W-H 

Method 

Scherer 

Formula 

ZnS 28.562 5.402 18.72 18.64 -2.142 

Zn0.98Sn0.02S 28.548 5.411 17.23 17.45 -1.807 

Zn0.96Sn0.04S 28.521 5.413 16.41 17.09 3.670 

Zn0.94Sn0.06S 28.519 5.406 15.72 15.63 1.571 

Zn0.92Sn0.08S 28.502 5.404 15.13 14.91 1.203 

Zn0.9Sn0.1S 28.490 5.410 14.35 14.16 0.812 

 

 

 

Fig. 5: (a) UV spectra-Zn1-xSnxS (x=0,0.02,0.04,0.06,0.08,0.1) 
nanoparticles.b) Graph poltted for Bandgap energy of  
Zn1-xSnxS (x=0,0.02,0.04,0.06,0.08,0.1)nanoparticles 

 

 

Fig.6: Schematic representation of various process involved 
in Photocatalytic activity 

Table 2. Bandgap energy Eg for the ZnS, Zn0.98Sn0.02S, 
Zn0.96Sn0.04S, Zn0.94Sn0.06S, Zn0.92Sn0.08S, Zn0.9Sn0.1S 

nanoparticles from Tauc plot 

Sample Bandgap energy Eg in eV 

ZnS 3.52 

Zn0.98Sn0.02S 3.49 

Zn0.96Sn0.04S 3.46 

Zn0.94Sn0.06S 3.45 

Zn0.92Sn0.08S 3.41 

Zn0.9Sn0.1S 3.31 

Equation (3) relate absorption co-efficient with 

incident photon energy such as 

αhν=A(hν-Eg)m  (3) 

Where h, ν, Egand m is the plank constant, photo 

frequency, bandgap, and index indicating the type of 

transition, respectively. The value of m is ½ for the direct 

bandgap, and for the indirect bandgap is 2. Increasing the 

Sn concentration minimised bandgap energy Eg for Sn 

alloyed ZnS nanoparticles (Asfiaand Rashid, 2022; 

Ramki et al.2022). From XRD, crystallite size decreases 

when the Sn concentration is increased, which leads to a 

decrease in the bandgap energy Eg of nanoparticles. 

4.4 Photocatalytic Study 

4.4.1 Photocatalytic Mechanism 

Wavelength between 500 and 700 nm shows the 

absorption spectrum for visible light. These wavelengths 

are within the range of light that is visible to humans. In 

absorption spectra, this range typically indicates light 

absorption by specific substances within the visible 

spectrum. Light absorption within this range is linked to  
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electronic transitions in molecules or materials (Ramki et 

al.2020). The photocatalytic reaction process (Fig. 6) can 

be described as follows: 

ZnS/SnS + hν (UV/ Solar radiation) →  e- +h+ 

The oxidation of water by holes [H2O] ↔ H+ + OH 

h+ + H2O  → OH* 

O2+e-→ O2
-* 

The transient formation of hydro peroxide radicals: 

2H2O + e- + O2
*→ 2OH*+2OH− 

Reaction between a reactive intermediate and dye 

molecules is tentatively undergoing degradation. 

OH*+O2
-* + MG dye → Degradable/less-toxic species 

4.4.2 Impact of a catalyst on the degradation of Malachite 
Green dye (MG) 

The changes in the colour of a malachite green 

(MG) dye solution with both pure ZnS and Sn-alloyed 

ZnS nanoparticles after UV radiation exposure are shown 

in the absorption spectra in Fig. 7 at different time 

intervals (0 to 120 minutes). The UV absorption 

wavelength of Malachite green dye is 617 nm (Shirmardi 

et al.2013). The intensity of the peaks changed to low as 

a result of UV radiation-induced degradation of the MG 

dye solution. As the dopant concentration increases, the 

degradation efficiency also increases. The efficiency of 

degradation increases from 51% to 69% with the increase 

in Sn concentration. 

 

Fig.7: Depict the colour changes in a malachite green (MG) dye solution containing (a) ZnS and (b) Zn0.98Sn0.02S, (c) 
Zn0.96Sn0.04S, (d) Zn0.94Sn0.06S, (e) Zn0.92Sn0.08S, (f) Zn0.9Sn0.1S nanoparticles at various time (0 to 150 minutes) intervals 
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5. CONCLUSION 

Pure and Sn alloyed ZnS nanoparticles were 

successfully synthesized using the simple SMI technique. 

XRD study reveals that the pure ZnS, Zn0.98Sn0.02S, 

Zn0.96Sn0.04S, Zn0.94Sn0.06S, Zn0.92Sn0.08S, Zn0.9Sn0.1Sn 

anoparticles have formed cubic structure confirmed by 

suitable JCPDS file- the nanoparticle's crystallite size 

changes when the Sn concentration increases. The cubic 

crystal structure's presence slightly shifted towards the 

lower angle side due to the overlapping of ZnS with SnS, 

which confirmed alloy formation. FESEM and HRTEM 

studies revealed that Zn1-xSnx Snanoparticles are well 

dispersed with a narrow size distribution, and spherical 

and crystallite sizes of the nanoparticles were calculated. 

Crystallite size values  

Zn1-xSnxS nanoparticles match well with the XRD 

data.EDAX characterization study confirms the presence 

of all elements and chemical purity in the synthesized 

crystal of Zn1-xSnxS nanoparticles. The bandgap energy 

value changed from 3.52eV to 3.31eV. Due to its wide 

range of properties, the formation of tin-alloyed zinc 

sulfide nanoparticles in this material offers various 

applications in electronics, energy conversion, and 

catalysis. Tested photocatalytic activity of Zn1-xSnxS 

nanoparticles on malachite green dye (MG) shows 51-

69% degradation efficiency. As we control, recombining 

the electron-hole pair with the suitable capping agent will 

increase the degradation efficiency of Sn alloyed ZnS. 
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