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ABSTRACT 

Cadmium sulfide (CdS) thin films have attracted significant attention for 

environmental remediation applications due to their suitable band gap, high 

photosensitivity, and excellent photocatalytic properties. In this study, non-

aqueous CdS thin films were hydrothermally synthesized using cadmium nitrate 

tetrahydrate and thiourea as precursor materials in methanol medium. The films 

were prepared at varying precursor concentrations of 0.10 M, 0.20 M, and 0.30 

M. To enhance the photocatalytic performance of CdS, 0/005g of bismuth ferrite 

(BiFeO₃) and 0.005g tin oxide (SnO₂) were incorporated as dopants in separate 

preparation. The synthesis was carried out in a Teflon-lined autoclave at 180 °C 

for 8 h, followed by washing, drying, and pulverization of the obtained products. 

The structural, morphological, optical, and photocatalytic properties of the 

synthesized samples were investigated using appropriate characterization 

techniques. The influence of precursor concentration and dopant incorporation on 

crystallite size, surface morphology, and optical band gap was evaluated. 

Photocatalytic activity was assessed through the degradation of methylene blue 

dye under natural sunlight irradiation. The results revealed that both BiFeO₃ and 

SnO₂ doping significantly improved the photocatalytic efficiency of non aqueoud 

CdS to 70.0 & 72.8% respectively by enhancing charge separation and reducing 

electron–hole recombination. The findings demonstrate that hydrothermally 

synthesized non-aqueous CdS thin films doped with BiFeO₃ and SnO₂ are 

promising photocatalysts for the degradation of organic pollutants in wastewater 

under sunlight irradiation, offering a cost-effective and environmentally friendly 

approach for water purification applications.  

 

INTRODUCTION 

Cadmium sulfide (CdS) belonging to II-VI group 

compound semiconductor has found potential interest 

due to its broad direct optical bandgap of approximately 

2.42 eV and it high stability (Ankurkumar et al, 2018), it 

is a prominent semiconductor material widely studied for 

its applications in optoelectronic devices, including solar 

cells, photodetectors, and light-emitting diodes (Preeti, 

2018). The synthesis of nanocrystalline CdS films 

through non-aqueous methods has garnered attention due 

to its unique properties compared to aqueous methods; (i) 

Higher purity, non-aqueous solvents minimize impurities 

and enhance the quality of CdS crystals. (ii) Controlled 

Morphology, non-aqueous allows for precise control 

over particle size and shape during synthesis, leading to 

tailored optical properties. (iii) Better Solubility, Non-

aqueous solvents can dissolve a wider range of 

precursors, potentially improving the synthesis process. 

(iv) Enhance Stability, generally non-aqueous is more 

stable in the environments and also reduce degradation 

over time. (v) Improved Photocatalytic activity, non-

aqueous exhibits better photocatalytic properties due to 

reduced electron-hole pair recombination (Suresh, 2018). 

Doping CdS with foreign elements is a common strategy 

to tune its electrical and optical properties. Among 

various dopants, (Sn), a group iv element has shown 

promising results in modifying charge carrier density and 

band structure. Nanocrystalline forms of CdS shown 

quantum confinement effects, allowing tunable optical 

properties, which are highly beneficial in nanoscale 
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device engineering (Preeti, 2018, Yakubu, etal., 2026). 

Non – aqueous synthesis routes, using organic solvents 

and precursors, offer an alternative approach with several 

advent stages like controlled nucleation, reduced 

agglomeration, and inhibition of oxide formation. In 

cadmium sulfide based solar cells like zinc sulfide (ZnS) 

and cadmium in zinc sulfide (CdZnS) could lead to 

decrease in window absorption loses and equally 

improve the short circuit current of the cell (Suresh, etal., 

2016), cadmium sulfide thin films have been deposited 

by several methods like vacuum evaporation, 

electrodeposition, chemical bath deposition, sputtering, 

spray hyrolysis and laser abalative (Dariani & Emani, 

2015). 

Non –aqueous synthesis routes ring organic solvents and 

precursors, offer an alternative approach with several 

advantage, controlled nucleation, reduced agglomeration 

and inhabitation of oxide formation (Farimia et al, 2021). 

Traditional aqueous methods of CdS synthesis often 

suffer from limitations such as poor control over 

crystallinity, contamination, and film uniformity. Non – 

aqueous deposition teaching us, especially in organic 

solvents, provide better control over nucleation and 

growth kinetics, enabling it fabrication of high- purity 

nanocrystalline films with tailor properties Wesam, etal., 

(2024).  

Hydrothermal processing has several advantages over 

both traditional and cutting-edge synthesis methods. (1) 

Compared to other cutting-edge methods, the cost of 

precursors, energy, and equipment is significantly lower. 

(2) Simple and safe for the environment. (3) The particle 

size and form may be effectively controlled. (4) Using 

this method, crystalline phases that are unstable at their 

melting temperatures can also be generated. In addition 

to being utilized for the synthesis of materials with high 

vapour pressures at melting temperatures, this process 

can also be used to produce huge, high-purity crystals 

with precisely regulated compositions. (7) Reducing 

damages. One drawback is the inability to watch the 

crystal as it grows. Influenced by temperatures and 

pressures below the solvent's critical point (Shukla & 

Rani, 2023). 

Approximately half of all dyes made and used worldwide 

are aromatic azo dyes. Fifteen percent of the dyes used in 

various industries are released into aquatic environments. 

Azo dyes have the potential to cause cancer, allergic 

reactions in the skin and eyes, and breathing issues. 

(Delima, et al., 2007). These pollutions are being 

removed by using various methods such as 

biodegradation, chlorination, flocculation, ozonation, 

and photocatalytic degradation. Azo Dye are not 

biodegradable while other methodologies produce 

secondary pollutants except photocatalytic degradation 

which does not produce secondary pollutants (Ata, et al., 

2023). 

The utilization of the photocatalytic degradation 

approach is favoured due to its eco-friendly nature and 

reduced production of hazardous compounds. This 

method is based on how radiation interacts with a 

nanocatalyst surface and oxidative reagents; it is created 

when pollutants degrade (Somwanshi, et al., 2023).  

In this work we doped non aqueous CdS at different 

concentration deposited by hydrothermal with bismuth 

ferrite and tin oxide to improve on phocatalytic activities, 

energy bandgap, and surface area, oxygen adsorption on 

the surface and electron and whole recombination. 

 

Preparation of Non-Aqueous CdS Thin Film by 

Hydrothermal Technique Doped with Bismuth 

Ferrite and Tin Oxide 

Different concentrations (0.10 M, 0.20 M, and 0.30 M) 

of cadmium nitrate tetrahydrate were prepared in separate 

conical flasks. The solutions were prepared using 

appropriate volumes of methanol. Each solution was 

stirred at 250 rpm for 30 minutes, after which 0.5 g of 

thiourea was added, and stirring was continued for 

another 30 minutes. Subsequently, triethanolamine was 

added, and the mixture was stirred for an additional 30 

minutes. The resulting solution was then transferred into 

a 100 mL Teflon-lined autoclave and heated in a muffle 

furnace at 180 °C for 8 hours. The obtained product was 

washed with distilled water, dried in an oven at 70 °C for 

6 hours, and then crushed into a fine powder. 

The same procedure was repeated with the addition of 

0.005 g of bismuth ferrite as a dopant to the 0.10 M, 0.20 

M, and 0.30 M cadmium nitrate tetrahydrate precursor 

solutions, respectively. Furthermore, the procedure was 

repeated with the addition of 0.005 g of tin oxide as a 

dopant to the 0.10 M, 0.20 M, and 0.30 M cadmium 

nitrate tetrahydrate precursor solutions, respectively. 
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Plate 1: Flow Chart for the Preparation of Undoped and Doped Non-Aqueous CdS 

 

 

X-ray Spectroscopy Results for Non-Aqueous CdS 

Deposited by Hydrothermal Technique Doped with 

Bismuth Ferrite and Tin Oxide at Different 

Concentration 

The X-ray diffraction (XRD) patterns of non-aqueous 

CdS deposited at 0.1 M, 0.2 M, and 0.3 M concentrations, 

respectively, using the hydrothermal technique with 

JCPDS reference codes 96-900-4179, 92-900-4479, and 

96-900-4279 are illustrated in Figure 1. It can be 

observed that the number of diffraction peaks decreases 

as the concentration of non-aqueous CdS increases for all 

the samples. 

When the samples were doped with bismuth ferrite, as 

illustrated in Figure 2. The effect of the doping became 

evident through the increase in peak intensities in all the 

samples. However, the preferred peak position (2θ) of the 

BiFeO₃-doped non aqueous CdS decreased with 

increasing concentration, that is, from 30° at 0.1 M to 27° 

at 0.2 M and 13° at 0.3 M. 

When the samples was doped with tin oxide as illustrated 

in Figure 3, the prefer peak shifted to lower 2θ for all the 

samples at different concentration. Similar result was 

obtained in Figure 2 when non aqueous CdS was doped 

with bismuth ferrite. The samples doped with tin oxide 

contained a lot of noise, the present of noise associated 

with the samples doped with tin oxide as compared to the 

sample doped with bismuth ferrite may be ascribed to 

effects of different in dopant. 

The crystallite size (D) of non-aqueous CdS deposited by 

hydrothermal method, doped with bismuth ferrite and tin 

oxide at difference concentration were calculated with 

the Debye-Scherrer formula   

D = 
kλ

βcosϴ
    (1) 

 (Tasdemirci, 2019) Where K is a dimensionless shape 

factor of 0.94, λ is the wavelength of X-ray of 0.154nm, 

β is the full width at half maximum (FWHM) of a 

diffraction peak in radian and θ is the Bragg angle. The 

crystallite sizes of non-aqueous CdS deposited by 
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hydrothermal, doped with bismuth ferrite and tin oxide at 

difference concentration are showed in table 1.  

 The dislocation density was calculated from 

α = 
1

D2      (2) 

(Ikram et al., 2020), where D is the crystallite size and α 

is the dislocation density.  

The crystallite size increases as the concentration of non-

aqueous CdS increases for both synthesis doped and 

undoped samples. This may be because a higher 

concentration provides more ions for crystal growth. 

Increased concentration also enhances collisions among 

particles, which promotes aggregation and grain growth, 

thereby increasing the crystallite size and consequently 

leading to larger particle sizes.The Miller indices 

obtained in this work are similar to those reported by 

Dariari and Emane (2015). 

 

 
Figure 1: 1a, 1b, & 1c represents the X-ray spectroscopy results for non-aqueous CdS 

at 0.1m, 0.2m, & 0.3m respectively 

 

 
Figure 2: 2a, 2b, & 2c represents the X-ray Spectroscopy Results for Non-Aqueous 

CdS Doped with Ferrite at 0.1m, 0.2m, & 0.3m respectively 
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Figure 3: 3a, 3b, & 3c Represents the X-ray Spectroscopy Results for Non-

Aqueous CdS Doped with Ferrite at 0.1m, 0.2m, & 0.3m Respectively 

 

Table 1: Crystallite Sizes and Dislocation Density for Undoped, Doped Aqueous Cds with Bismuth Ferrite & 

Tin Oxide at Difference Concentration Respectively 

Concentration Undoped non-aqueous CdS Doped non-aqueous CdS with 

bismuth ferrite 

Doped non-aqueous CdS 

with tin oxide 

Crystallite 

size (nm) 

Dislocation 

density (nm)- 

Crystallite size 

(nm) 

Dislocation 

density (nm)- 

Crystallite 

size (nm 

Dislocation 

density (nm)- 

0.1M 2.45 0.1666 2.95 0.1149 3.01 0.1104 

0.2M 2.62 0.1457 3.42 0.0855 3.54 0.0798 

0.3M 2.74 0.1332 3.87 0.0668 3.98 0.0631 

 

Scanning Electron Microscopy Results for Non-

Aqueous CdS Deposited by Hydrothermal Technique 

Doped with Bismuth Ferrite and Tin Oxide at 

Different Concentration 

SEM micrographs in Figure 4 Revealed irregular 

granular morphology with varying degrees of 

agglomeration among the samples which may be 

attributed to different in concentration of the samples. 

Sample 1A exhibited a relatively dense and 

homogeneous microstructure with finer particles and 

reduced porosity, indicating improved particle dispersion 

and packing. In contrast, sample 1B showed larger 

agglomerates and a rough heterogeneous surface, 

suggesting incomplete dispersion and increased porosity. 

Sample 1C demonstrated intermediate characteristics 

with moderate particle uniformity and agglomeration. 

The observed microstructural differences are expected to 

influence the physical and mechanical properties of the 

material. 

SEM analysis in Figure 5 revealed that sample 2A 

possesses finer and more compactly distributed grains, 

while sample. In contrast sample 2B showed larger 

cracked agglomeration with rough heterogeneous surface 

2C exhibits largest agglomerated clusters with roughest 

surface morphology. The increase in particle aggregation 

and grain growth in sample 2C suggests an increase in 

crystallite size and reduced structural uniformity. The 

different in morphology observed in Figure 4 and Figure 

5 may be attributed to the varies concentration and 

present of dopant. 

SEM analysis in Figure 6, sample 3A shows fine, 

uniformly distributed particles with a relatively smooth 

and compact surface, indicating smaller grain size and 

lower porosity. In contrast, sample 3B exhibits larger and 

more irregular crystalline grains with visible voids and 

pores, suggesting higher porosity and a rougher surface 

morphology. Sample 3C displays highly agglomerated 

and compact clustered particles with a denser and 

rougher texture than 3A, indicating increased particle 

interaction and agglomeration. Overall, the morphology 

changes from finer and more homogeneous particles in 

3A to larger porous grains in 3B and finally to densely 

agglomerated structures in 3C. The different in 

morphology may be attributed to different in 

concentration and nature of dopant. 
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Figure 4: 1A, 1B & 1C represent Scanning Electron Microscopy Images of non-

aqueous CdS at concentration of 0.1m, 0.2m, & 0.3m respectively 

 

 
Figure 5: 2A, 2B & 2C represent Scanning Electron Microscopy Images of non-

aqueous CdS at concentration of 0.1m, 0.2m, & 0.3m respectively doped with 

bismuth ferrite 

 

 
Figure 6: 3A, 3B & 3C represent Scanning Electron Microscopy Images of non-

aqueous CdS at concentration of 0.1m, 0.2m, & 0.3m respectively doped with tin 

oxide  

 

UV -Visible Spectroscopy Results for Non-Aqueous 

CdS at Varying Concentration Doped with Bismuth 

Ferrite and Tin Oxide at Different Concentrations 

Figure 7 describes the absorbance and direct energy band 

gap of non-aqueous CdS deposited using the 

hydrothermal technique at different concentrations. The 

results obtained were (275 nm, 3.9, 4.0 eV), (255 nm, 3.9, 

3.9 eV), and (255 nm, 3.9, 3.7 eV) for wavelength, 

absorbance, and energy band gap at concentrations of 

0.1m, 0.2m, & 0.3m, respectively. 

The direct band gap nature, as shown in the inset, was 

calculated using the Tauc plot method (Nkele et al., 2020; 

Ikhioya et al., 2023). The variation in energy band gap 

values is attributed to changes in concentration. As the 
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concentration of non-aqueous CdS increases, the energy 

band gap decreases. The pattern of variation in energy 

band gap obtained in this work is similar to that reported 

by Matthew et al. (2024). All the samples exhibited the 

same absorbance value of 3.9 within the wavelength 

range of 225–275 nm.   

Figure 8 describes the absorbance and direct energy band 

gap of non-aqueous CdS doped with bismuth ferrite and 

deposited using the hydrothermal technique. The results 

obtained were (270 nm, 3.7, 3.8 eV), (280 nm, 3.9, 3.7 

eV), and (285 nm, 3.9, 2.8 eV) for the different 

concentrations studied. 

The results revealed that the energy band gap of the 

doped CdS decreases as the concentration increases. This 

reduction in band gap may be attributed to the 

incorporation of bismuth ferrite into the CdS matrix, 

which enhances the electronic interaction and modifies 

the optical properties of the material. The results obtained 

in this work are similar to those reported by Dariari and 

Emane (2015).    

Figure 9 describes the absorbance and direct energy band 

gap of non-aqueous CdS doped with tin oxide and 

deposited using the hydrothermal technique at different 

concentrations. The results obtained were (260 nm, 3.8, 

3.5 eV), (255 nm, 3.8, 3.2 eV), and (255 nm, 3.8, 3.0 eV) 

for wavelength, absorbance, and energy band gap at 

concentrations of 0.1m, 0.2m, & 0.3m respectively. 

The energy band gap of the doped non aqueous CdS 

decreases with increasing concentration. The energy 

band gap values of the samples doped with bismuth 

ferrite were slightly lower than those samples doped with 

tin oxide as shown in Table 2. 

The as-deposited non aqueous CdS exhibited a maximum 

absorbance value of 3.8 for all the doped samples 

synthesized at varying concentrations within the 

wavelength range of 255–260 nm. This value is slightly 

lower than that obtained for undoped samples the 

variations observed in wavelength at maximum 

absorbance values, and energy band gap may be 

attributed to differences in sample concentration and 

variation in dopant employed. 

 

 
Figure 7: 1A, 1B, & 1C represent UV-visible spectroscopy plots for non aqueous 

CdS deposited at 0.1m, 0.2m, & 0.3m respectively  
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Figure 8: 2A, 2B, & 2C represent UV-visible spectroscopy plots for non aqueous CdS 

doped with bismuth ferrite at varying concentration of 0.1m, 0.2m, & 0.3m respectively  

 

 
Figure 9: 3A, 3B, & 3C represent UV-visible spectroscopy plots for non aqueous CdS 

doped with tin oxide at varying concentration of 0.1m, 0.2m, & 0.3m respectively  

 

Table 2: Concentration, Absorbance, Wavelength and Energy Band Gap of Undoped and Doped CdS with 

Bismuth Ferrite and Tin Oxide 

Concentration Undoped CdS CdS doped with BiFeO₃ CdS doped withSnO₂ 

Abs, λ (nm) Eg (eV) Abs, λ (nm) Eg (eV) Abs, λ (nm) Eg (eV) 

0.1 M 3.9 275 4.0 3.7 270 3.8 3.8 260 3.5 

0.2 M 3.9 255 3.9 3.9 280 3.7 3.8 255 3.2 

0.3 M 3.9 255 3.7 3.9 285 2.8 3.8 255 3.0 
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Photocatalytic Degradation Properties of Undoped 

and Doped Non-Aqueous CdS with Bismutg Ferrite 

and Tin Oxide at 2M Concentration under Sunlight 

Radiation 

The photoactivity measurements of undoped and doped 

non-aqueous CdS at 2 M concentration, deposited using 

hydrothermal under sunlight radiation, are illustrated in 

Figures 10 as well as in Table 2. The degradation 

efficiencies of 10 mg nanoparticles for the degradation of 

10 ppm methylene blue at a degradation interval of 30 

minutes were 41.14%, 72.78%, and 70.01% for undoped 

and doped non-aqueous CdS with bismuth ferrite and tin 

oxide deposited using the hydrothermal methods, 

respectively, under sunlight radiation. 

From the results, it can be deduced that the degradation 

efficiency increased when the non-aqueous CdS was 

doped with bismuth ferrite and tin oxide. However, the 

degradation efficiency was slightly higher for non-

aqueous CdS doped with bismuth oxide compared to 

non-aqueous doped with tin oxide. The highest 

percentage of degradation for the doped samples 

occurred within the first 30 minutes of exposure time. 

The study revealed that the nature of the dopants and the 

synthesis methods significantly affect the degradation 

efficiency of non-aqueous CdS. 

The reaction rate equation [ℓn(Co\Ct) =Kt] gives the 

relationship between ln(Co\Ct) and the exposing time t 

from which the pseudo-first order rate constant K was 

determined (Ali et al.,2021). 

 From the equation; Co is the concentration at an exposing 

time of zero while Ct is the concentration at an exposing 

time t. The graph of this relation is illustrated in Figure 

4.15. The slope of the graph represents the pseudo-first 

order rate constant (K) with obtained values as 0, 0057 

per min, 0.0 136 per min, & 0.0132 per min for undoped 

and doped non-aqueous CdS with bismuth ferrite and tin 

oxide at 2M concentration. The pseudo- first order rate 

constant of the doped non aqueous  CdS is within the 

range of 0.0132 to 0.0136 per min.The results obtained 

confirmed the ability of the doped non aqueous  CdS  to 

generate holes and electrons that we speed up 

degradation process.  

 

 
Figure 10: 1A, 1B & 1C represent Photocatalytic degradation Properties of undoped and 

doped non aqueous CdS with bismuth ferrite and tin oxide at 0.2M concentration under 

sunlight radiation 
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Figure 11: 1A & 1B, Plots of unfitted and fitted first order rate constant for non-

aqueous CdS and doped non aqueous CdS with bismuth ferrite and tin oxide at 

concentration of 0.2 M under sun light radiation 

 

Table 3: Exposing Time and Degradation Efficiency of Undoped and Doped Non Aqueous Cds with Bismuth 

Ferrite and Tin Oxide at 0.2M Concentration under Sunlight Radiation 

Exposing time (Min) Samples Degradation efficiency in % 

1A 1B 1C 

0 0 0 0 

30 23.7 43.8 43.8 

60 30.8 51.5 54.4 

90 41.1 72.8 70.0 

 

CONCLUSION  

In this study, non-aqueous cadmium sulfide (CdS) thin 

films were successfully synthesized through the 

hydrothermal method using precursor concentrations of 

0.10 M, 0.20 M, and 0.30 M. The synthesized CdS 

samples were further modified by doping with bismuth 

ferrite (BiFeO₃) and tin oxide (SnO₂) to improve their 

photocatalytic performance. The effects of precursor 

concentration and dopant incorporation on the structural, 

morphological, optical, and photocatalytic properties of 

the samples were investigated.The characterization 

results demonstrated that variations in precursor 

concentration significantly influenced the crystallite size, 

surface morphology, and optical properties of the CdS 

thin films. Doping with BiFeO₃ and SnO₂ enhanced the 

crystallinity and modified the electronic structure of CdS, 

leading to improved light absorption and more efficient 

charge carrier separation. The reduction in electron–hole 

recombination contributed to enhanced photocatalytic 

activity under sunlight irradiation. Photocatalytic 

degradation studies using methylene blue dye revealed 

that both BiFeO₃- and SnO₂-doped CdS samples 

exhibited superior degradation efficiencies compared to 

the undoped CdS samples. The improved photocatalytic 

performance was attributed to the synergistic effects of 

the dopants, which increased the number of active sites 

and facilitated charge transfer processes. Among the 

investigated concentrations, the optimum concentration 

exhibited the highest photocatalytic degradation 

efficiency, indicating that precursor concentration plays 

a crucial role in determining the photocatalytic behavior 

of the synthesized materials. Overall, the study confirms 

that hydrothermally synthesized non-aqueous CdS thin 

films doped with BiFeO₃ and SnO₂ are effective 

photocatalysts for the degradation of methylene blue 

under natural sunlight irradiation. The findings 

demonstrate the potential of these materials for 

environmental remediation and wastewater treatment 

applications. Furthermore, the use of sunlight as the 

irradiation source provides an economical and 

environmentally sustainable approach for the removal of 

organic pollutants from contaminated water. 
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