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ABSTRACT:  Investigation of the addition of zinc atoms into tin sulfi de crystals to boost 
their performance for environmental use as a photocatalyst. We examine the development 
methods, physical characteristics and light absorption capabilities of tin sulfi de (SnS) materials 
with zinc additives. A high-temperature solid-state approach allowed researchers to introduce 
diff erent amounts of Zn into the SnS crystal structure, followed by X-ray diff raction (XRD), 
scanning electron microscope (SEM) and energy dispersive X-ray analysis (EDX), as well as 
UV-visible spectroscopy characterisation. Th e band gap widening eff ect from Zn doping SnS 
enables better light absorption across the visible spectrum since the energy gap decreases from 
1.043 eV to 1.039 eV. Th e photocatalytic degradation tests of methylene blue (MB) as a 
pollutant model demonstrated that Zn-doped SnS outperforms pure SnS as a photocatalyst. 
Th e Zn-doped SnS enhanced the photocatalytic performance from 88% to 92% in 
120 minutes due to superior charge carrier dissociation and inhibited electron-hole 
recombination. Th is work demonstrates Zn-doped SnS potential as an eff ective photomaterial 
for wastewater management and environmental cleanup systems through its cost-effi  cient 
design.

Keywords: Zn-doped SnS, Nanoparticles, Photocatalysis, Visible light, Degradation, 
Methylene blue

1. INTRODUCTION

Photocatalysis proved to be a very promising technology for solving many 
environmental and energy issues, such as water treatment and air treatment, and 
producing renewable energy.1–3 One of them is the search for effi  cient photocatalysts 
that would help to transmute the sun’s rays into chemical reactions. Among all the 
photocatalytic materials, tin (II) sulphide (SnS) nanoparticles have drawn much 
attention in recent years for their non-toxicity, abundance in the earth and appropriate 
band gap energy for visible light absorption.4,5  Th e semiconductor material SnS shows 
unique properties making it a suitable candidate for applications in photocatalysis 
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and photovoltaics and optoelectronics. SnS has a direct band gap of around 1.3 eV to  
1.5 eV, which is ideal for absorbing visible light, making it a strong candidate for 
solar-driven photocatalysis and indirect band gap ranged from 1.0eV to 1.1 eV.6,7

However, the use of SnS in photocatalysis in real-life scenarios is faced with some 
challenges, which are a low absorption coefficient, very short lifetimes of photo-
generated charges, and a low surface area that accommodates the catalytic reaction.8,9 
To overcome these limitations, doping of SnS with various metal ions has been tried 
as an effective method.10–12 Doping is a process in which a foreign atom is introduced 
into the crystal lattice of the host material, which brings changes to the electrical, 
mechanical and optical characteristics of the material.13,14 Among all dopants, zinc 
(Zn) is one of the best-studied dopants used to improve the photocatalytic activity 
of semiconductors.15–17 Zn is known to alter the electronic structure favourably and 
enhance the carrier dynamics in the host materials, making Zn a candidate for doping 
SnS nanoparticles.18 However, several compositions based on sulphur, like Ag-Ag2S-
CdS nanowires, noted that the degradation efficiency increased from 12.5% to 57.0% 
in the neutral, 40.6% to 80.1% in the alkaline and 91.9% to 97.9% in the acid 
environment under the influence of sunlight.19,20 

The main research question of this study is whether Zn doping has a positive impact 
on the photocatalytic activity of SnS nanoparticles through the modification of light 
absorption capacity, a decrease in the rate of recombination of photo-generated 
electron and hole charges and provision of additional active sites for the photocatalytic 
processes. The present study aims to prepare the Zn-doped SnS nanoparticles by melt 
quenching, analyse the structure and optical properties of the synthesised nanoparticles 
and, also monitor the photocatalytic activity of the synthesised nanoparticles under 
visible light illumination. By achieving these outcomes, this research aims to 
contribute to the development of efficient and sustainable photocatalytic materials for 
environmental and energy applications. The findings of this study could pave the way 
for further exploration of doped SnS nanoparticles and their potential applications in 
photocatalysis and beyond.

2.	 EXPERIMENTAL

2.1	 Synthesis of Zn-Doped SnS 

Highly pure powders of Sn (99.99%), sulphur (S) (99.99%) and Zn (99.99%) were 
combined in a stoichiometric ratio (Sn60S40 = 0.6 gm Sn + 0.4 gm S, Sn48Zn12S40 = 
0.48 gm Sn + 0.12 gm Zn + 0.40 gm S; Sn44Zn18S40 = 0.44 gm Sn + 0.18 gm Zn 
+ 0.40 gm S) and placed inside an ampoule. The ampoule was then evacuated to a 
pressure of 10⁻⁵ Torr and sealed. To ensure a uniform mixture along the length of 
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the ampoule, it was vigorously shaken. The sealed ampoule was placed in a horizontal 
furnace, where the temperature was gradually increased to 1,000°C at a rate of 20°C 
per h. It was maintained at this temperature for 24 h to allow proper reaction and 
homogenisation. Afterwards, the ampoule was slowly cooled to room temperature, 
yielding a free-flowing, shiny and homogeneous polycrystalline powder.21,22

2.2	 Characterisation Techniques

X-ray diffraction (XRD) patterns of SnS were recorded by LANScientific X-ray 
diffractometer-FINE (LANScientific Co. Ltd., China) using CuKα (λ = 0·154056 
nm) radiation with 2θ in the range 10°–80°. The lateral morphology of active materials 
was studied utilising SEM (JSM 5400 LV,  Switzerland). The optical absorption and 
energy gap were performed in the wavelength range of 200 nm to 1,000 nm using a 
Jasco V670  ultraviolet-visible (UV-Vis) spectrophotometer (Jasco Company, Italy) 
at room temperature. 

2.3	 Photodegredation

The efficiency of using sunlight by the specimens was determined by the reduction in 
the concentration of methylene blue (MB) in water under artificial sunlight. A 40 mL 
MB solution of 5 mgL–1 concentration was prepared in a photochemical reactor and 
then 30 mg of photocatalyst was added to start degradation. The solution was then 
allowed to stir under dark conditions for 60 min to enhance the adsorption-desorption 
balance. The photocatalytic performance of the samples was examined under natural 
sunlight, which was mimicked by a 500 W Xe lamp placed 15 cm above the solution. 
At each irradiation time, 2 mL aliquots were taken and subjected to centrifugation and 
then the absorbance of the MB was determined at its retrieval maximum wavelength 
of 664 nm. For additional confirmation of the improved activity of the synthesised 
catalyst with respect to pure SnS under visible light irradiation, the experiment was 
performed using visible light only, filtered at 420 nm. The MB removal efficiency was 
established with the percentage removal formula expressed in Equation 1 to show the 
level of degradation.23
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3.	 RESULT AND DISCUSSION 

Figure 1 shows the XRD pattern of pure SnS nanoparticles typically shows 
characteristic peaks corresponding to orthorhombic SnS. Key diffraction peaks are 
observed at specific 2θ values, such as 110, 101, 111, 211, 131, corresponding to  
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2θ = 31.5o, 32o, 38.7o, 50.3o and 52.5o, respectively.24  These peaks match well with 
the standard International Center for Diffraction Data (ICCD) card for orthorhombic 
SnS (ICCD pattern no. 00-039-0354), confirming the phase purity and crystallinity 
of the synthesised SnS nanoparticles.25,26 Upon doping SnS with Zn, several changes in 
the XRD patterns are typically observed, for instance, peak shifts, since the diffraction 
peaks of Zn-doped SnS nanoparticles may exhibit slight shifts compared to pure SnS. 
These shifts are due to the incorporation of Zn²⁺ ions into the SnS lattice. Zn²⁺ has 
a smaller ionic radius (0.74 Å) compared to Sn²⁺ (0.93 Å), which can cause lattice 
contraction and result in peak shifts to higher 2θ values. 

The XRD peak intensities reduced while the full width at half maximum value changed 
from narrow to broad as the Zn concentration increased. A decrease in crystallite size 
happens because Zn²⁺ ions replace Sn⁴⁺ ions within the SnS crystal structure. The 
accumulation of Zn ions partially at grain boundaries disrupts crystal growth, which 
potentiates peak broadening and the reduction of peak intensity, as shown in Table 1. 
The absence of new peaks indicates that Zn is well-dispersed within the SnS structure 
without forming significant amounts of secondary phases.

Figure 1: XRD patterns of Sn60S40, Sn48Zn12S40 and Sn44Zn18S40.
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Figure 2 : EDAX pattern of (a) Sn60S40, (b) Sn48Zn12S40 and (c) Sn44Zn16S40.

Table 1: Crystalline size, strain, and dislocation density of SnS doped Zn

Samples Size (nm) Strain Dislocation density (nm–2)

Sn60S40 86 34 1.33 × 10–4

Sn48Zn12S40 74 47 1.82 × 10–4

Sn44Zn16S40 72 48 1.87 × 10–4

The crystalline size of Zn-doped SnS nanoparticles can be estimated using the 
Williamson and Hall equation: 27–29

cos sin
D
k

4b i
m

f i= +  	 (2)

where D is the crystalline size,   is the microstrain, k  is the shape factor (typically 0.9), 
λ is the wavelength of the X-ray source (Cu Kα, 0.15406 nm), is the full width at half 
maximum (FWHM) of the diffraction peak and  2θ is the Bragg angle. An increase 
in Zn substitution amounts corresponds to increase strain (ε) and dislocation density 
(δ) levels within synthesised SnS nanoparticles, thereby indicating changes in crystal 
symmetry as shown in Table 1.

Table 2 presents the EDAX spectrum of the SnS compound, which confirms the 
presence of Sn, Zn and S. The quantitative analysis reveals that the compound consists 
of 40% S and 59% Sn, resulting in a stoichiometric ratio of Sn/S at 99. Additionally, 
the Table 2 demonstrates that Zn is incorporated into Sn at ratios of 12 and 16, as 
shown in Figure 2. The surface morphology of the synthesised material was analysed 
using SEM studies. As Figure 3 shows the SEM micrographs of Zn-doped SnS. Due 
to SnS’s regular behaviour, the pristine sample shows erratic nanoparticle distribution 
with noticeable agglomeration while keeping typical SnS aggregation patterns. The 
production of voids and pores in the undoped sample can be attributed to rapid gas 
discharge during the combustion synthesis reaction. An increase in Zn doping causes 
the porosity to decrease and the void density to decrease because Zn doping suppresses 
gas evolution while stabilising microstructures during formation.30, 31 
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Table 2: EDAX analysis of SnS doped Zn.

Samples
Atomic weight (%)

Sn Zn S

Sn60S40 59 0 40

Sn48Zn12S40 49 10 41

Sn44Zn16S40 43 19 38

Figure 3: Photo SEM of (a) Sn60S40, (b) Sn48Zn12S40 and (c) Sn44Zn16S40.

3.1	 Optical and Electronic Properties 

UV-Vis spectroscopy is a valuable technique for assessing the ability of materials to 
absorb light. The spectra obtained from the samples in Figure 4(a) demonstrate that 
all of them exhibit significant absorption of light across a wide range, spanning from 
the UV region to the near-infrared (NIR) region. From Figure 3(a), absorption edges 
of pure Sn₆₀S₄₀ Sn₄₈Zn₁₂S₄₀ and Sn₄₄Zn₁₆S₄₀ were estimated to be approximately 
1,188 nm, 1,192 nm and 1,193 nm, respectively. From Tauc plots, depicted in  
Figure 4(b), the corresponding band gaps are estimated to be 1.043 eV, 1.04 eV and 
1.039 eV, by applying the Tauc equation:32 

a(hv)n = k (hv – Eg) 	 (3)

where, h and denote the diffuse absorption coefficient, the Planck constant, and 
the frequency; n can be determined by the indirect gap (= 1/2) or direct gap (=  2) 
types. The relatively small differences in band gaps indicate that the effectiveness of 
their photocatalytic performance is primarily influenced by visible light. T﻿he value 
of ban gap decreases when Zn concentration levels increase. The band gap reduction 
occurs because of Zn doping which creates free radicals and new chemical bonds and 
introduces localised energy states to the band structure.33
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Figure 4: (a) UV-Vis spectrum and (b) energy gap of Sn60S40, Sn48Zn12S40 and Sn44Zn18S40

3.2	 Photocatalytic Degradation of Organic Dyes 

In this study, we explored the photocatalytic degradation of MB dye using pristine 
SnS and Sn combined with varying amounts of Zn under light exposure. The goal was 
to evaluate the effectiveness of these materials as photocatalysts, which utilise light to 
drive chemical reactions, in removing MB dye—a representative of positively charged 
dyes—from water. The MB dye solution was highly diluted (4% moles per liter) and 
exhibited maximum light absorption at a wavelength of 664 nm. The experiments 
were conducted under UV light, and the results, depicted in Figure 5, were monitored 
over a 120-min irradiation period.

Figure 5: Photodegradation of (a) Sn60S40, (b) Sn48Zn12S40, and (c) Sn44Zn18S40.
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This may most probably be because of the effects of light and other oxidising agents, 
which cause the coloured dyes in this experiment to fade. Comparing the efficiency 
of the tested materials Sn₄₄Zn₁₆S₄₀ was established as the most effective photocatalyst 
for the degradation of pollutants when exposed to light. A general procedure of 
photocatalytic degradation of MB dye using SnS and Sn with different concentrations 
of Zn has been presented as follows: as in the case of MB dye degradation, which 
is used as an example, the process is most likely to have a specific pattern based on 
which the rate of degradation depends on the concentration of the remaining dye, as 
demonstrated in Figure 5. The result of the experiment proves that the dye degradation 
conforms to a reaction model close to the first-order reaction and is expressed in the 
equation:34,35

.Ln
C
C

K t
t

o
1=c m    	 (4)

Co and Ct stand for starting and remaining concentrations of MB at the particular 
illumination time before determining K1, which represents the first-order rate constant. 
This conclusion is in agreement with the interaction between Co and C with time and 
the linear trend line of the graph, In (Co/C) against time. 

When we incorporated different amounts of zinc into SnS, the photocatalytic activity 
of these SnS NCs increased, and they degraded the dye molecules under visible light. 
These photocatalysts also revealed excellent degradation efficiency of dyes in the 
present study, and the 120 min irradiation period confirmed the effectiveness of these 
systems for the degradation of pollutants.

Figure 6: (a) (C/Co) of Sn60S40, Sn48Zn12S40 and Sn44Zn18S40, and (b) k constant of Sn60S40, 
Sn48Zn12S40 and Sn44Zn16S40.
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The changes in C/C₀ of MB dye concentration are depicted in Figure 6(a), where the 
gradual discharge of the dye over time under UV light exposure is well shown. The SnS 
photocatalyst completed the degradation of MB within 120 min, with the attributed 
contribution from the charge carrier reactive process. Nevertheless, introducing Zn 
doping improved the photocatalytic activity tremendously, and enhanced the overall 
dye removal efficiency from 88% to 92% within the same period as indicated in 
Figure 6(a). Furthermore, the photocatalytic degradation of MB dye in the presence 
of SnS photocatalyst also obeys pseudo-first-order kinetics as depicted from the plot 
of (–ln[C/C₀]) vs t (Figure 6[b]). From the pseudo-first-order kinetic model applied 
to the degradation of MB by SnS, the pseudo-first-order rate constant was determined 
to be 6.11 × 10⁻³ min⁻¹. Nonetheless, Zn-doped SnS have comparable rate constants 
that amounted to 7.53 × 10⁻³ min⁻¹ and 8.16 × 10⁻³ min⁻¹ as shown in Figure 6(b). 
This improved performance is due to the increased charge separation thus leading to 
the generation of highly active oxidising species such as hydroxyl radical (HO·) and 
superoxide radical (O₂•⁻). These radicals, in fact, reduce the pollutant molecules, thus 
increasing the photocatalytic trait.

Table 3: The energy gap, k constant and chi-square of Sn60S40, Sn48Zn12S40 and Sn44Zn16S40.

Samples Energy gap (eV) K (min–1) R2

Sn60S40 1.043 0.00611 98.5

Sn48Zn12S40 1.040 0.00753 98.3

Sn44Zn16S40 1.039 0.00816 98.0

3.3	 Mechanism of MB Dye Degradation 

In the photocatalytic process, when SnS absorbs a photon, an electron is excited from 
the valence band to the conduction band, creating an electron-hole pair. The electrons 
in the conduction band of SnS interact with oxygen (O₂) to generate superoxide 
radicals (O₂⁻), while the holes (h⁺) react with hydroxide ions (OH⁻) and water 
(H₂O) to form hydroxyl radicals (OH). These highly reactive radicals then interact 
with ionised dye molecules, breaking them down into less harmful substances such 
as smaller hydrocarbons, water (H₂O), and carbon dioxide (CO₂). Additionally, 
the strong oxidising holes (h⁺) can directly contribute to the breakdown of MB dye 
molecules. The overall mechanism of MB degradation under visible light irradiation 
is illustrated in Figure 7.



The Incorporation of Zn Metal	 108

Figure 7: The mechanism of visible light photocatalytic degradation of MB over the SnS.

4.	 CONCLUSION

Synthesis of Zn-doped SnS nanopowders with different Zn proportions (0 wt.%,  
12 wt.% and 16 wt.%) occurred successfully through the melt quenching technique. 
A detailed examination of Zn doping impact was conducted for structural properties, 
together with morphological analysis and photocatalytic behaviour assessment. The 
crystallite dimensions of Zn-doped SnS decreased when Zn doping concentration 
increased. The photocatalytic performance of pure SnS on MB dye removal significantly 
increased after Zn doping because it reached 92% removal efficiency during 120 min 
of photocatalytic reaction time. Pseudo-first-order rate constants for SnS₂ increased 
from 6.11 × 10⁻³ min⁻¹ to higher values of 7.53 × 10⁻³ min⁻¹ and 8.16 × 10⁻³ min⁻¹ 
after Zn doping was applied to the material. The identified photocatalytic properties of 
Zn-doped SnS nanopowders show their high ability to remove organic contaminants 
by providing potential solutions for magnetic device applications.
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