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Abstract 

This paper introduces a novel application of bifunctional Pr-doped SnS2 thin films, 

demonstrating their efficacy in both photocatalytic degradation of dye and antibacterial 

activities. The thin films were fabricated using an eco-friendly spray-coated method, 

encompassing undoped and Pr-doped SnS2 variations. The study comprehensively examines 

the structural, morphological, chemical, photocatalytic, and antibacterial characteristics of these 

films. The crystal structure of both undoped and Pr-doped SnS2 thin films exhibited hexagonal 

patterns, prominently favouring the growth in (1 0 1) orientation. Notably, an increase in 

crystallite size was observed with higher levels of Pr-doping. Raman spectroscopy analysis 

highlighted a distinct peak at 315 cm−1, corresponding to the A1g vibrational mode associated 

with Sn-S bonds along the c-axis of the structure. Employing X-ray Photoelectron Spectroscopy 

(XPS), the presence of essential components – Sn, S, and Pr – within the fabricated thin films 
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was confirmed, consistent with experimental values of undoped and Pr-doped SnS2-x 

compositions. Importantly, the XPS analysis confirmed the integration of the Pr3+ oxidation 

state within Pr-doped SnS2 films. The photocatalytic degradation and antibacterial activities of 

the films were investigated. Notably, the photocatalytic potential of the synthesized materials 

against Congo Red exhibited a direct correlation with the Pr3+ doping percentage, indicating 

enhanced pollutant degradation with increasing doping levels. Similarly, the antibacterial 

performance against Escherichia coli displayed improvement with increasing Pr-doping 

content, highlighting the promising antimicrobial capabilities of the films. This study presents 

an innovative avenue to address both organic pollutant degradation and microbial control. By 

harnessing the attributes of Pr-doped SnS2 thin films, this research introduces a promising 

strategy for sustainable material applications in environmental purification and improvement in 

public health. 

Keywords: Tin sulfide; SnS2; Pr-doped SnS2; Photocatalysis; Photocatalysts; Antibacterial 

studies 

1. Introduction 

Heavy metals, dyes, and pesticides are three potential contributors to water pollution 

[1]. The majority of wastewater pollution is caused by organic dyes, which are utilized in the 

leather, textile, pulp, cosmetic, and pharmaceutical industries. There is a risk that these dyes 

will harm the living things on the Earth [2,3]. However, these persistent organic pollutants are 

made up of carbon-based chemical substances that are challenging to degrade in their natural 

state and that may not be entirely removed by the biological, physical, and chemical processes 

that are typically used. To get rid of pollutants entirely requires a lot of energy and results in 

the production of hazardous secondary pollutants such as toxic sludge, heavy metals, and solid 

waste. This is because pollutants are stable when exposed to oxidants [4,5]. 

Researchers have focused on finding new energy sources to address environmental 

pollution and energy depletion. Multi-phase semiconductors are promising for photocatalytic 

and electrocatalytic hydrogen production from water [6,7] and photocatalytic water chemical 

elimination [8]. In photocatalysis, semiconductors like zinc sulfide (ZnS) [9,10],  tin sulfide 

(SnS2) [11,12], copper sulfide (CuS) [13,14], zinc oxide (ZnO) [15,16], and titanium dioxide 

(TiO2) [17,18] are a few examples of the numerous semiconductors that are utilized in the field 

of photocatalysis. Due to the chemical stability, low cost, and non-toxic characteristics of 

chalcogenides, are narrow-band gap semiconductors are commonly employed as photocatalysts 

[19,20]. These narrow-band gap materials absorb approximately 40% of visible solar energy, 
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improving photocatalytic capabilities. These compounds provide e−/h+ pairs when exposed to 

visible light [21–23]. Photo-generated e−/h+ couples have been used to split water into 

hydrogen and oxygen to remove and degrade environmental industrial, pharmaceutical, and 

agricultural organic/inorganic/biological contaminants [24]. Among these chalcogenides, tin 

sulfide (SnS2) is a semiconductor that can be characterized as a CdI2-type layered non-noble 

metal sulfide [25]. It exhibits an n-type direct band gap energy (ranging from 2.19 to 2.41 eV) 

and possesses properties of harmlessness and relative inexpensiveness [26]. Gedi et al. 

presented a comprehensive review of tin-based binary sulfides (SnxSy) synthesized through a 

solution process [27]. The review underscored the significance of comprehending deposition 

parameters to enhance film quality and device performance, particularly in the realms of 

photovoltaics, photocatalysis, and thermoelectrics.  SnS2 has demonstrated great potential as a 

photocatalyst under visible light and short-wavelength near-infrared irradiation, primarily due 

to its narrow band gap. However, its poor photoinduced electrons and holes separation restricts 

its photocatalytic efficiency.  

Numerous attempts have been made to overcome these problems. For instance, Guo et 

al. have reported that one effective approach to enhancing the performance of SnS2 in various 

photocatalytic applications involves the construction of SnS2 composites [25]. Non-metallic 

doping, as they suggest, can further enhance the S Scheme heterojunction, thereby accelerating 

the process of charge separation. Moreover, Goktas and co-workers have fabricated Sn1-xZnxS 

(x = 0.00–0.20) nanostructured thin films via a solution process for optoelectronic, 

photocatalytic, and gas-sensing applications [28]. These films demonstrated improved 

properties compared to pure SnS, with the Sn0.99Zn0.01S film exhibiting high photocatalytic 

efficiency under sunlight. The results highlight the promise of Zn-substituted SnS thin films for 

various applications, including photocatalysis and optoelectronics. Moreover, Gadore et al. 

pioneered eco-friendly wastewater treatment using SnS2-biochar, showing potent pollutant 

removal with real-world relevance [29]. Among them, doping has been reported to be one of 

the effective methods to modify the properties of SnS2 and eventually improve its photocatalytic 

activity [30]. In another study, Prabha et al. reported an improved magnetic attraction, enhanced 

light penetration, and increased antibacterial properties were also observed when Sr was 

introduced into SnS2 [31]. Additionally, Yang et al. reported the enhanced SnS2 by 

incorporating Ag for efficient sunlight-driven removal of uranium in water [32]. In another 

study, Diko et al. have explored SnS2-carbon composites for energy-saving and sunlight-driven 

cleansing applications [33]. Similarly, Ech-Chergui et al. have synthesized La-doped 2D-SnS2 
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films for potential use in photocatalytic degradation [34]. Films with 2% and 4% La doping 

exhibited structural changes, increased hardness, and a widened bandgap. Notably, the 

photocatalytic efficiency improved with La doping, reaching 62.92% for 4% La-doped SnS2. 

These findings collectively reveal the evolving potential of SnS2-based materials and their 

diversified applications for betterment.   

Doping of appropriate various elements with proper concentration in SnS2 is an excellent 

way to improve its properties for photocatalytic activity. Among the different dopants reported, 

praseodymium (Pr) was chosen because of its unique interband 4f–5d and intraband 4f–4f 

electronic transitions. The incorporation of Pr as an impurity results in lattice deformation in 

SnS2 and may create a mid-gap state within the band structure of SnS2 tuning its optical band 

gap energy and extending the light absorption range. As a consequence, it can also hinder the 

recombination of electron-hole pairs when exposed to light. In addition, Pr can be successfully 

doped into SnS2 [35,36]. Recently, research led by Zhang and co-workers has utilized a two-

step hydrothermal method to fabricate 3D nanoflowers composed of SnS2/ZnS with Pr doping 

for gas sensing [37]. 

This study introduces a pioneering approach to the fabrication of SnS2 and Pr-doped 

SnS2 through the utilization of a spray coating procedure, marking the first instance of such 

synthesis. This method is cost-effective, easy to use, and allows for quick application. Using 

clear molecular ink adds something new to the process, making sure the film is spread evenly 

and consistently. This also helps to control the thickness and composition of the films. 

Additionally, an in-depth exploration into the influence of Pr doping on the structural and 

morphological attributes of the resultant SnS2 was conducted. Notably, there are no previous 

studies that have been explored on the utilization of Pr-doped SnS2 for photocatalytic and 

antibacterial purposes. In this study, novel investigations encompassed the evaluation of 

photocatalytic and antibacterial potentials of the synthesized SnS2 and Pr-doped SnS2 thin films 

under both visible light conditions and in their absence were carried out, offering unprecedented 

insights into their functionalities.  

2. Methodology 

2.1. Starting materials/Chemicals used 

All of the chemicals used in this experiment were purchased from Sigma Aldrich and 

utilized in their unpurified forms without undergoing any additional processing which includes 

tin chloride (SnCl2·2H2O), thiourea (SC(NH2)2), praseodymium chloride (PrCl2·2H2O). 

Methanol, Congo red (CR), Mueller-Hinton nutrient agar, and broth were obtained from 
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Biochem Chemopharma, France. The gram-negative bacterial strain, E. coli (ATCC 25922) was 

obtained from Algeria, at Ain Temouchent University's Microbiology laboratory and the 

distilled water was supplied from the chemical laboratory.  

2.2. Synthesis of SnS2 and Pr-doped SnS2 

Syringe pump spray coating was used to fabricate undoped and Pr-doped SnS2 thin films 

on glass substrates using a spray pyrolysis machine (Model No. HO-TH-04, Holmarc Ltd., 

India), as previously described [38–40]. Substrates with a measurement of 20 mm x 10 mm 

were cut from glass slides. After being cured in acetone, the substrates were cleaned 

ultrasonically, rinsed in deionized water, and dried using an air jet. Next, the cleaned glass 

substrates were placed on a hot plate and heated to 100 °C in 20 °C increments to remove the 

remaining solvent. The deposition of the undoped, 2% Pr-doped SnS2, and 4% Pr-doped SnS2 

was carried out under the same conditions. The film's precursor undergoes when heated to 

thermolysis temperature (annealing temperature). To make the precursor solution, methanol 

was mixed with 0.05 mM SnCl2·2H2O and 0.1 mM SC(NH2)2. A component of 1 mL HCl was 

added to stop SnCl2 from being hydrolyzed. The final solution was preloaded in a glass syringe 

pump with a 20 mL internal volume and sprayed through a spray nozzle with a set inner 

diameter of 0.2 mm. By regulating the pressure of the airflow, the desired droplet sizes may be 

produced. There was a 13 cm gap between the syringe and the substrate holder. At a constant 

air pressure of 1 bar and a dispensing spray rate of 500 µL/min, spraying through the syringe 

yielded tiny droplets in under 3 min. The thin films were sprayed at 100 °C forming a thin film 

of liquid. Then, they were subjected to a 30 min annealing process in air at 280 °C in order to 

undergo a thermochemical conversion to a solid film. To further explore the doping effect on 

the physical properties of the produced thin films, a different amount of PrCl2·2H2O was 

dissolved in the precursor solution for the Pr atomic concentrations of 2 and 4 at. %.  

2.3 Characterizations of SnS2 and Pr-doped SnS2 

The surface morphology and particle size of undoped SnS2 and Pr-doped SnS2 were 

determined using Field emission scanning electron microscopy (FE-SEM, Model, Country). 

The formation and phase purity of SnS2 and different atomic percentages of Pr-doped SnS2 were 

determined using powder X-ray diffraction analysis (XRD, Rigaku Miniflex diffractometer, 

Cu-Kα, λ = 1.54Å, radiation source). The Raman spectra were obtained from a Raman 

spectrometer (Horiba Jobin Yvon RMS-550) supplied with a 532 nm line of YAG:Nd3+ laser in 

the wavelength range of 200–800 cm−1. X-ray photoelectron spectroscopy analysis (XPS) was 

performed using a Specs Phoibos 150 MCD instrument. The spectra were recorded at the Al-
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Kα excitation line energy (h=1486.6 eV). The XPS data were processed using CasaXPS 

software to identify photoelectron peaks associated with various elements. Additionally, 

CasaXPS was employed to calculate the atomic percentages of various elements, taking into 

account the corresponding relative sensitivity factors (RSF). The binding energies of the XPS 

spectra were calibrated using the C 1s line energy (284.8 eV) corresponding to the adventitious 

carbon. UV–visible spectral analysis was carried out using a specord 210 plus model 

spectrophotometer and was used to monitor the decrease in absorbance of the CR dye in the 

range of 200-800 nm.  

2.4 Photocatalytic degradation of Congo red 

CR aqueous solution was used as an organic pollutant for the measurement of photo-

catalytic degradation of SnS2 synthesized at different temperature and different thin film of Pr-

doped SnS2 materials under visible light irradiation at room temperature and pH = 6.8 [41]. At 

the beginning, the experiments into photocatalysis were carried out using a batch system. Each 

undoped SnS2 and the Pr-doped SnS2 thin film was incubated in 50 mL CR solution (10 mg/L) 

in the dark (to prevent any degradation from taking place because the visible light) for 30 min 

in order to reach the adsorption/desorption equilibrium before subjecting them to visible light 

irradiation. After that, the dye was exposed to visible light irradiation from a Philips LED lamp 

with a 40 W energy output so that the photocatalytic degradation process could begin. Using a 

UV-visible spectrophotometer, an estimate of the absorbance was made after passing varying 

amounts of time at the maximum wavelength of the dye, which was 490 nm. The percentage of 

photocatalytic degradation of CR was calculated using equation (1): 

Degradation  (%) =
C0 − Ct

C0
× 100 … … … … … … … … … … (1) 

where, C0 and Ct the initial concentration and the concentration of CR after incubation with 

thin film and visible light irradiation, respectively.   

2.5. Photocatalytic antibacterial studies 

Escherichia coli (E. coli, ATCC 25922), a pathogenic gram-negative bacterium was 

used as the test microorganism for the time-kill method to assess the antibacterial activity of the 

SnS2 and Pr-doped SnS2 thin films [42]. In this work, overnight cultures of the E. coli strains 

employed were diluted to 1:100 using Mueller-Hinton broth medium and then cultivated at 37 

°C for 18 h to an optical density of 0.1 at 600 nm with a final cell density of 6 log colony 

forming units (CFU)/mL using 100 mL of the appropriate media. As previously reported by 

Kim et al. [42]. After being autoclaved at 120 °C for 30 min to sanitize all glass samples, all 
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obtained film was submerged in flasks containing 10 mL of a microbiological suspension with 

106 CFU/mL [43,44] and one containing 10 mL of a microbiological suspension without any 

thin film was used as a negative control. The flasks were incubated at 37 °C for 24 h while 

being exposed to visible light [44]. Subsequently, 10 mL of the microbial cells from each flask 

were removed at different time intervals (0, 6, 12, and 24 h) and suspended in 10 mL of the 

broth solution for incubation at 37 °C for 24 h [45]. After three replicates, the percentage of 

dead cells was calculated relative to the number of growth colonies at t = 0 by counting the 

number of living cells (CFU/mL) and determining the optical density of each flask using a UV-

vis spectrophotometer at = 610 nm. 

3. Results and discussion  

3.1 X-ray diffraction of SnS2 and Pr-doped SnS2 

The XRD patterns depicted in Figure 1(a) illustrate the characteristics of undoped SnS2 

and various atomic percentages of Pr-doped SnS2. The discernible diffraction peaks observed 

at 14.95° and 31.90° in the synthesized materials can be ascribed to the (001) and (101) 

crystallographic planes of the hexagonal phase of SnS2 [46] (JPCDS No. 00-023-0677). In a 

recent investigation focusing on the impact of the starting precursor, Aslan et al. reported 

analogous findings when utilizing tin (II) chloride dihydrate [47]. On the other hand, numerous 

studies have consistently highlighted the prevalence of the (001) plane in SnS2 when employing 

the spray pyrolysis technique  [48–51]. Within the context of this study, the intensification of 

the (101) plane peak with increasing Pr doping signifies the escalating predominance of the 

(101) preferred orientation within the hexagonal SnS2 structure. It is well-established that an 

augmentation in the intensity of a particular plane correlates with an enhancement in the 

monocrystalline of the material [52]. Consequently, the introduction of Pr doping serves to 

increase the crystallinity of the hexagonal phase of SnS2, specifically favoring the (101) 

orientation. This observation underscores the influence of Pr doping on the structural 

characteristics of SnS2, pointing towards an improvement in crystalline order with a pronounced 

preference for the (101) crystallographic orientation. 



8 

 

 
Figure 1. (a) XRD patterns and (b) Raman spectra of SnS2, 2% Pr-doped SnS2 and 4% Pr-

doped SnS2 thin films.  

 

To gain deeper insights, the lattice parameters (a, c, and c/a), crystallite size, strain, and 

dislocation density for the three films are summarized in Table 1. The lattice constant "a" shows 

a slight increase with Pr doping, whereas the lattice constant "c" exhibits a contrary trend. 

Interestingly, the c/a ratio consistently decreases with rising Pr doping, even though the ionic 

radii of the dopant Pr3+ (1.13 Å) are larger than those of the host Sn4+ (0.69 Å). The above 

findings discerned alterations suggest an expansion of the crystal lattice specifically along the 

basal plane, concomitant with a distinctive impact along the vertical axis, induced by the 

specific interaction of Pr dopants with the crystal lattice. Furthermore, the steady decrease in 

the aspect ratio intimates a potential preferential influence of Pr doping on the crystal structure, 

potentially shaping the anisotropic characteristics of the material. Notably, the observed c/a 

ratio falling below the ideal value ( )/ 8 / 3 1.633= =c a strongly indicates stress within the 

films [53]. Moreover, the intricate interplay of lattice mismatch and distinct thermal extinction 

coefficients between the film and substrate emerges as influential factors shaping the lattice 

parameters [54]. These external influences contribute to the nuanced shifts observed in the 

crystal lattice.  

Crystallite size is considered a gauge of the dimensions of coherently diffracting 

domains [55]. Owing to the formation of polycrystalline aggregates, it's important to note that 

the crystallite size of particles differs from the particle size. The average crystallite size of the 

SnS2 thin films is determined using the Debye-Scherrer formula [56]:   

D =
0.9 ∙ λ

β ∙ Cosθ
 … … … … … … … … … … . . … . . … … … … (2) 
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where λ is the wavelength of Cu-Kα radiation, θ is Bragg’s angle and β is full width at half 

maxima (FWHM) of diffraction peak. It was observed that upon increasing the Pr content, the 

crystallite size increases. The average crystallite sizes were found to be 29.08, 59.40, and 65.03 

nm for undoped SnS2, 2% Pr-doped SnS2, and 4% Pr-doped SnS2, respectively.  

 

Table 1. The calculated lattice constants, crystallite size, lattice strain, and dislocation density 

of SnS2, 2% Pr-doped SnS2 and 4% Pr-doped SnS2 thin films. 

 

 

The relations (3) and (4) has been used to estimate the lattice strain and dislocation density [57]: 

ε =  
β ∙ Cos θ

4
… … … … … … … … . … … … . . … … … … (3) 

δ =  
1

D2
… … … … … … … … … … … … . … . . … … … … (4) 

It is clearly shown in Table 1 that both the micro-strain (ε) and the dislocation density 

(δ) decrease with an increase in Pr doping up to 4 at%, which leads to the carriers moving freely 

in the lattice. The strain values of SnS2 decreased from 11.9 to 5.83 and 5.32 × 10-4 and the 

dislocation density decreased from 1.18 to 0.23 × 10-3 line/m2 as Pr-doping increased to 4%. It 

was consistently observed that both micro-strain and dislocation density in the film decreases 

as the crystallite size increases, a phenomenon well-established [58]. This trend may arise from 

a variety of internal and external factors, including the exchange of ions with different ionic 

radii, lattice constant mismatch, the emergence of impurities/defects, and the thermal extinction 

coefficient difference between the substrate and the film [54,59]. Based on these results, it 

shows that Pr doping could result in enhancement in the crystal defects and lattice distortion as 

verified by the ε and δ values [28]. 

Sample Lattice constants (Å) 
Crystallite 

size 
Strain 

Dislocation 

density 

 
a c c/a (nm) (ε) (× 10-4) (δ) (× 10-3 line/m2) 

Undoped SnS2 3.610 5.911 1.637 29.08 11.9 1.18 

2% Pr-doped SnS2 3.629 5.883 1.621 59.40 5.83 0.28 

4% Pr-doped SnS2 3.639 5.884 1.616 65.03 5.32 0.23 
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In summary, the XRD findings collectively signify a complex interplay between Pr 

dopants and the SnS2 crystal lattice. A more profound comprehension of the underlying 

mechanisms steering these changes can be gleaned through meticulous analysis, encompassing 

detailed crystallographic studies or computational simulations. Such endeavors promise to 

unveil the intricate dynamics governing the structural evolution induced by Pr doping in 

hexagonal SnS2. 

3.2. Raman analysis of SnS2 and Pr-doped SnS2 

The Raman spectra of undoped SnS2, 2% Pr-doped SnS2, and 4% Pr-doped SnS2 thin 

films are shown in Figure 1(b). The recorded spectra for all synthesized thin films exhibited a 

strong peak around 315 cm−1 which is related to the characteristic active mode of A1g. This 

vibrational mode of SnS2 corresponds to the symmetric stretching of S and Sn atoms along the 

c-axis of the crystal lattice [60]. This infrared active mode has been extensively studied by 

experimental and theoretical techniques like Raman and infrared spectroscopy [61], first 

principal calculations [60], and density functional theory simulations [62]. As sown in Figure 

1(b), when the Raman spectra of the synthesized thin films are compared, it is seen that the 

Raman intensity increases as the doping concentration increases. Upon comparing the Raman 

spectra of the synthesized thin films, a noticeable trend emerges wherein the Raman intensity 

rises with increasing doping concentration. This escalation in Raman intensity is frequently 

linked to enhanced crystallinity, resulting in more pronounced and distinct Raman peaks. This 

observation aligns well with the findings from XRD, reinforcing the correlation between 

improved crystallinity and heightened Raman signals. Similar behavior has been documented 

in various studies within the existing literature[57,63]. This can be shown as evidence that the 

Pr-atoms have been substituted in the SnS2 host lattice. 

3.3. SEM and EDS mapping of Pr-doped SnS2 films  

Figure 2(a) depicts the SEM image of 4% Pr-doped SnS2 with grain-like spherical 

morphology. The film thickness is estimated from the cross-sectional SEM figure (2b) and it 

is not dependent on the concentration of Pr. The film thickness is approximately 1.2 µm. The 

EDS data is tabulated in Figure 2(c) which reveals that the 4% Pr-doped SnS2 is composed of 

Sn and S with an atomic ratio of approximately 1:2 which is equal to the theoretical 

stoichiometric ratio in SnS2. Based on the EDS results, also confirmed the presence of only Sn, 

S, and Pr in the synthesized Pr-doped SnS2 as no other impurities were observed. Figure 2 (d−f) 

shows EDS elemental mapping of 4% Pr-doped SnS2 which further confirms the presence of 

Sn, S, and Pr in the synthesized Pr-doped SnS2.   
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Figure 2. (a) SEM image, (b) cross-section image, (c) table for the atomic and weight 

percentage of different elements, and (d−f) EDS elemental mapping of 4% Pr-doped SnS2 

materials where; (d) Sn, (e) S, and (f) Pr. 

3.4. X-ray photoelectron spectroscopy analysis of SnS2 and Pr-doped SnS2 films 

XPS was used to analyze the synthesized materials for elemental composition and 

chemical states. Figure 3(a) displays the survey spectra corresponding to the undoped SnS2 and 

4 at % Pr-doped SnS2 samples, in which the core level photoelectron peaks related to Sn (Sn 

3s, 3p, 3d, and 4d), S (S 2s and 2p), and Pr (Pr 3d and 4d) accompanied by Auger transition 

ones (S LMM, Sn MNN, and Pr MNN) are well identified. Note that the Pr signals only appear 

in the spectrum of the doped sample. Besides, the presence of adventitious carbon and oxygen 

in very low signals (O 1s and C 1s) indicates fairly clean surfaces. The atomic percentages of 

Sn, S, and Pr elements were calculated through the Sn 3d5/2, S 2p, and Pr 3d5/2 signals and 

summarized in the inset table in the same figure. The atomic ratio of [Sn] to [S] is 2.76 for 

undoped SnS2 and that of [Sn + Pr] to [S] is 2.81, which is very important compared to the ideal 

stoichiometric ratio of pure SnS2 and that derived from EDS results. The significance arises 

from the fact that XPS can only probe depths of a few nanometers (<10 nm) compared to EDS. 

Consequently, this observation implies that the surfaces are rich in Sn atoms. 

Furthermore, the high-resolution spectra corresponding to Sn 3d, S 2p, and Pr 3d are 

shown in Figures 3(b-d). The spectra were fitted using Gaussian deconvolution in conjunction 

with Shirley background subtraction. As shown in Figure 3(b), the doubled Sn 3d spectra 

indicate that the spin-orbit split of Sn 3d5/2 -Sn 3d3/2 main states are 8.40 eV and 8.44 eV for 

undoped SnS2 and Pr-doped SnS2, respectively in agreement with another report [64]. Besides, 
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for pure SnS2, only two symmetric peaks of Sn 3d5/2 -Sn 3d3/2 states can be found at B.E of 

485.97 and 494.37 eV, attributing to the Sn atoms in the Sn4+ valence state of Sn-S2 bonds [9]. 

However, with the Pr incorporation, these peaks present a shift toward lower binding energies 

(∆E = 0.47 eV) accompanied by a little broadening. In addition, two new peaks of Sn 3d5/2 and 

Sn 3d3/2 appeared at higher binding energies (486.5 and 450 eV) and can be referred to as the 

Sn4+ valence state of Sn-O2 bonds [9]. Similarly, the S 2p region can be deconvoluted into a 

doublet peak of S 2p1/2-S 2p3/2 for pure SnS2, and two doublets for the doped one, as shown in 

figure 3(c). The XPS spectrum of Pr 3d doublet peaks (Figure 3(d)) are deconvoluted into two 

doublet peaks located around 933.1 and 928.83 eV. Both doublet peaks belong to the Pr+3 

chemical state, consistent with the literature [65]. Note that the Pr 3d3/2 peak is affected by the 

O KLL peak signals, resulting a peak at around 957.27 eV [62,66,67]. For undoped SnS2, the 

peaks of S 2p3/2 were at 162.3 eV which coincided with those for S2− while for Pr-doped SnS2, 

the peaks were located at 162.0 eV (Figure 3(c)) [68]. Accordingly, when Sn atoms are replaced 

by Pr atoms, both Sn 3d and S 2p peaks are shifted toward low binding energies. Based on the 

findings presented above, it is confirmed that the Pr dopant has been successfully incorporated 

into the SnS2 matrix, maintaining a trivalent valence state while acting as a substitute for Sn. 

This achievement signifies a significant development in altering the material composition, 

contributing to a deeper understanding of its electronic structure in the context of applications 

involving photocatalytic degradation and antibacterial activity. 
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Figure. 3. XPS spectra of undoped SnS2 and Pr-doped SnS2; (a) Survey scan, (b) Sn 3d, (c) 

Pr 3d, (d) O 1s, (e) S 2p, (f) C 1s, and (g) fitted XPS of Pr 3d. 

  

3.5. Photocatalytic degradation of Congo red 

Photocatalytic degradation of CR was conducted to investigate the photocatalytic 

activity of SnS2 synthesized at different temperatures and different percentages of Pr-doped 

SnS2 materials under visible light irradiation. Based on Figure 4(a) upon the irradiation of 

visible light, all of the synthesized materials showed degradation of the CR dye which indicates 

that undoped SnS2 and Pr-doped SnS2 exhibited photocatalytic properties. The concentration of 

the CR dye decreased gradually when undoped SnS2 was used as a photocatalyst in the 

degradation. The photocatalytic efficiency of SnS2 synthesized at 280 °C is much higher in 

comparison to SnS2 synthesized at 200 °C with photocatalytic degradation of CR about 50.07% 

and 40.13 %, respectively. However, when 2% Pr-doped SnS2 was used as the photocatalyst, 
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CR dye was degraded more efficiently where it reached 64.06% degradation within 100 min of 

visible light irradiation. Based on the results obtained, all of the synthesized Pr-doped SnS2 

showed increased photocatalytic performance than undoped SnS2 and among them, 2% Pr-

doped SnS2 showed outstanding photocatalytic activity under visible light irradiation. This may 

be attributed to the fact that the doping of Pr into SnS2 lattice enables the material to harvest 

visible light more efficiently. Among all the doped thin film, 2% Pr-doped SnS2 shows highest 

percentage of degradation due to increased number of charge carriers per particle [69]. 

Approximately 40.13 %, 50.07 %, 58.26%, and 64.06% CR was degraded by SnS2 synthesized 

at 200 °C, SnS2 synthesized at 280 °C, 4% Pr-doped SnS2, and 2% Pr-doped SnS2, respectively.  

Pr-doped SnS2 thin film exhibits excellent visible light absorption behaviour, and the optical 

absorption coefficient in the visible region increases monotonically [70]. Moreover, the 

photocatalytic degradation activity slowed down at a higher doping percentage (4% Pr-doped 

SnS2) [71].  Additionally, the increase in metal dopant concentration creates more electron trap 

centers [72] and reduces the formation of •OH radicals [73]. The SnS2 synthesized at 280 °C 

exhibited superior photocatalytic performance compared to the SnS2 synthesized at 200 °C. 

This can be attributed to the prolonged heat treatment of the thick films, which led to the 

formation of nanocrystals within the inner area of the films [74]. Pr-doped SnS2 photocatalytic 

characteristics are contingent upon its crystallinity, shape, size, and exposed facets [75]. 

Crystallite size and crystallinity have been recognized as important parameters that influence 

photocatalytic performance [76]. To further delineate the crystalline structure, XRD patterns 

were employed. The average crystallite sizes, derived from these patterns, were determined to 

be 59.40 nm for 2% Pr-doped SnS2, and 65.03 nm for 4% Pr-doped SnS2. These outcomes 

provide invaluable insights into the physical characteristics of the photocatalyst, shedding light 

on both its surface attributes and crystalline structure, crucial for a comprehensive 

understanding and optimization of its photocatalytic efficacy. The larger crystallite sizes in the 

doped samples can affect the electronic band structure and surface properties. In photocatalysis, 

a larger surface area with well-defined crystal facets can provide more active sites for catalytic 

reactions. In this context, it is reported that higher crystalline quality, characterized by reduced 

grain boundaries and fewer defects/impurities, enhances the quantum efficiency of particles by 

minimizing the recombination of photoinduced electron-hole pairs [39]. This, in turn, leads to 

increased photocatalytic efficiency [59]. As highlighted in the XPS section, Pr doping 

contributes to heightened crystalline quality and enlarged crystal size, particularly evident at a 

4% Pr concentration. Given this information, it is anticipated that 4% Pr-doped SnS2 should 
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exhibit superior photocatalytic performance. However, beyond the influence of particle shape, 

enlarging the particle size to a certain extent can constrain reaction kinetics. Therefore, the 

superior photocatalytic performance demonstrated by 2% Pr-doped SnS2 is attributed to its 

characteristic crystalline structure (size/shape), which facilitates efficient charge transfer and 

accelerates reaction kinetics [76,77]. It has been pointed out that the energy of photo-generated 

radicals increases by reducing the crystallite size due to the quantum confinement effect, which 

improves the performance of the photocatalyst. This effect has been further supported by other 

authors who have studied various other photocatalytic reactions [78–80]. Additionally, a 

reduction in the crystallite size leads to larger surface areas thus improving the adsorption of 

reactants and subsequently enhancing the photo-reactivity [81,82].  

 

 

Figure 4. Plot of (a) percentage of photocatalytic degradation, (b) ln C0/Ct against time for the 

photocatalytic degradation of CR using SnS2 synthesized at 200 and 280 °C and different 

atomic percentages of Pr-doped SnS2 thin films, and (c) recycling experiments towards CR 

degradation over 2% Pr-doped SnS2 thin film. 

In a study by Chen and co-workers, they reported heterostructures of Ni-doped SnO2-

SnS2, denoted as NiSnSO, which were synthesized through the thermal oxidation of Ni-doped 

SnS2 [83]. These NiSnSO structures exhibited remarkable catalytic efficiency when employed 
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for the photocatalytic degradation of organic pollutants. Based on their investigations, the 

degradation of methyl orange was observed to be 29.8% and 52.1% for pure SnS2 and Ni-doped 

SnS2, respectively prior to the thermal oxidation process. In comparison to their findings, our 

research shows significant promise and advancement. Indeed, even when more than 30% of the 

dye remains undegraded, a thin film can still be a highly advantageous material as a 

photocatalyst. A photocatalyst offers environmental benefits by using light energy to drive 

reactions. While it may not completely degrade all pollutants, its efficiency, selectivity, and 

potential for optimization make it a promising tool for pollution remediation. 

To gain a better understanding of the photocatalytic degradation of CR, Langmuir-

Hinshelwood was used to obtain the kinetic data using the following equations (5)-(9) [84,85]. 

In this model, the rate of reaction (r) is proportional to the fraction of the surface covered by the 

CR dye (θ). 

r = −
dC

dt
=  kθ … … … … … . . … … . … … … . … … (5) 

By that Langmuir’s equation into account: 

θ =
KC

(1 + 𝐾𝐶)
… … … … … . . … … . … … … . … … (6) 

r = −
dC

dt
=  k(

KC

(1+𝐾𝐶)
) … … … … … . . … … . … … … . … … (7) 

where ‘k’ is the true rate constant and ‘K’ is the constant of the adsorption equilibrium of 

Langmuir-Hinshelwood. In photocatalytic studies, the value of “K” is determined empirically 

by a kinetic study in the presence of light and is better than that obtained in the absence of light, 

starting from Langmuir’s isotherm. The concentration of the CR dye at a time “t” is denoted by 

“C”. This equation can be integrated as: 

ln (
C0

Ct
) + K(𝐶0 − C) = kKt … … . … … … . … … (8) 

r = −
dC

dt
=  𝑘𝐾𝐶 = kappC … … . … … … . … … (9) 

where C0 is the initial concentration of CR concentration, Ct is the concentration at t of CR, and 

kapp is the estimated pseudo-first-order rate constant (min−1) derived from the straight lines of 

the plot ln(C0/Ct) versus irradiation time t as shown in Figure 4(c).  Thus, equation (9) can be 

simplified to: 

ln (
C0

Ct
) =  kappt … … … … … … . . … … … … … … . (10) 
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The ln(C0/Ct) plot vs irradiation time yields the kinetics of the degradation reaction. The “Kapp” 

represents the slope of the plot. Figure 4 (b) shows the rate constant obtained for the 

synthesized materials whereby 2% Pr-doped SnS2 exhibited the highest rate constant of 0.02263 

± 0.0018 min−1 followed by 4% Pr-doped SnS2 with rate constant of 0.01706 ± 0.000867 and 

undoped SnS2 synthesized at 280 °C with rate constant of 0.01559 ± 0.00104 min−1. While 

undoped SnS2 synthesized at 200 °C displayed the lowest rate constant at 0.01207 ± 0.00109 

min−1. Moreover, the rate constant of 2% Pr-doped SnS2 is almost two times faster than undoped 

SnS2 as shown in Table 2. These results showed that as Pr was introduced into the SnS2, it 

significantly enhanced the photocatalytic activity.  

Table 2. Pseudo-first-order kinetic parameters of photocatalytic degradation of the CR using 

pseudo-first order of SnS2 synthesized at different temperatures and different percentages of Pr-

doped SnS2 thin films. 

Parameters of 

kinetic models 

Undoped SnS2 

(T1) 

Undoped SnS2 

(T2) 

2% Pr-doped 

SnS2 

4% Pr-doped 

SnS2 

Kapp (min−1) 
0.01207 ± 

0.00109 

0.01559 ± 

0.00104 

0.02263 ± 

0.0018 

0.01706 ± 

0.000867 

R2 0.96806 0.98253 0.97427 0.98973 

 

In addition, the thin film can be used in multiple cycles, highlighting its potential for 

efficient and long-term use in pollution remediation operations. For that, multiple cycles of CR 

photocatalytic degradation were performed on a 2% Pr-doped SnS2 thin film to study its 

photocatalytic stability. After each cycle, we discarded the used photocatalyst, cleaned it well 

in deionized water, and introduced new CR solution (10 mg/L) to the photocatalyst. Each cycle 

lasted 60 minutes, and six cycles in a row were performed. Despite the fact that the reusability 

of the 2% Pr-doped SnS2 thin films was shown to exhibit considerable photocatalytic activity 

even after 3 cycles of degradation experiments, there were notable changes in the degradation 

efficiency after more than three reuses as shown in Figure 4 (c). Furthermore, Oluwalana et al. 

improved that the SnS2 photocatalyst could be reused for four cycles without losing its 

photodegradation ability [86]. 

3.6. Photocatalytic antibacterial activity  

In this study, the time-kill assay was used to investigate the antibacterial activity of the 

prepared undoped SnS2 and Pr-doped SnS2 thin films against Gram-negative bacteria, E. coli. 

Time-kill curves were generated by plotting log10 CFU/mL against time. The decrease in log10 
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CFU/mL indicates the bactericidal effect of the synthesized materials. In the time-kill assay, 

2% Pr-doped SnS2 significantly inhibited bacterial growth of E. coli when compared with the 

control, undoped SnS2, and 4% Pr-doped SnS2 (Figure 5(a)). Based on Figure 5(b), both 

undoped and Pr-doped SnS2 showed an increasing trend of reduction of E. coli growth as the 

incubation time increased from 24 to 72 h. The reduction in bacterial growth was <5.5 log10 

CFU/mL for 2% Pr-doped SnS2 which is about 71.03% of E. coli dead colonies which is the 

highest compared to undoped and 4% Pr-doped SnS2. The 4% Pr-doped SnS2 showed about 

63.29% reduction of E. coli while undoped is only about 50.39%. The enhancement in the 

reduction of E. coli growth using 2% Pr-doped SnS2 may be due to its ability to harvest visible 

light effectively and produce reactive oxygen species (ROS) that could inhibit the growth of E. 

coli. Previous studies have also shown that visible light irradiation initiates the production of 

ROS from chalcogenide-based materials [87,88]. These ROS were found to have an 

antibacterial impact on a variety of bacterial pathogens by causing damage to the cytoplasmic 

membrane, DNA, cellular oxidation, and lipid peroxidation. Additionally, it was found the 

crystallite size may also affects the antibacterial activity of the synthesized materials. The higher 

antibacterial activity of 2% Pr-doped SnS2 compared to 4% Pr-doped SnS2 may be due to its 

smaller crystallite size. This is because smaller-sized particles can effectively interact with 

bacterial membranes due to their large surface area, thus enhancing their antibacterial efficiency 

[45]. 

 

Figure 5. (a) E. coli growth in the presence of SnS2 and Pr-doped SnS2 thin films over 8 h 

and (b) dead colonies percentage of E. coli after exposure to SnS2 and Pr-doped SnS2 thin 

films at different intervals. 
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4. Conclusion  

In this study, a novel approach was employed to synthesize thin films of pure SnS2 and 

Pr-doped SnS2 (2% and 4%) for potential use in photocatalytic degradation and antibacterial 

applications. This method involved utilizing a spray-coating technique with a transparent 

molecular ink. This approach stands out due to its cost-effectiveness, simplicity, and rapid 

deposition characteristics. The utilization of transparent molecular ink introduces innovation to 

the process, ensuring a uniform and consistent deposition of the thin film. This, in turn, provides 

better control over the thickness and composition of the film, enhancing its overall performance 

and applicability for both mentioned applications. XRD, Raman, SEM, and XPS were used to 

characterize the synthesized SnS2 and Pr-doped SnS2 thin films. All of the grown films were 

pure and exhibited a hexagonal structure, as confirmed by the above-mentioned analysis. 

Depending on the Pr concentration, the grain size of the films changed. EDX, SEM elemental 

mapping, and XPS revealed Pr atoms and their uniformity in the SnS2 film. Moreover, based 

on XPS results, the majority of the Pr-doping in the SnS2 matrix is in the trivalent state (Pr3+). 

Amongst the synthesized thin films, 2% Pr-doped SnS2 exhibited the highest photocatalytic 

degradation of CR about 64.06% within 100 min and 71.03% reduction of E. coli growth after 

72 h. Thus, Pr-doped SnS2 thin films synthesized via a spray-coated method could prove to be 

a low-cost sustainable material for the efficient photocatalytic removal of organic dyes such as 

CR and antibacterial agents against E. coli. 
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