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A B S T R A C T   

In this work, bismuth oxychloride (BiOCl) and Sn-doped BiOCl (SBCl) with improved visible light 
photocatalytic activity were synthesized via the co-precipitation method. The XRD analysis 
determined the tetragonal phase of BiOCl, 1 %, 5 %, and 10 % SBCl. The crystallite sizes were in 
the range of 20–34 nm. These results confirmed that the Sn ion was successfully incorporated into 
the BiOCl lattice. This was further confirmed by FT-IR and Raman analysis. The optical properties, 
such as the band gap energy, were studied using UV–vis DRS. It was found that doping BiOCl with 
Sn has a minor effect on the band gap tuning. BET shows that the SBCl samples have acquired a 
larger specific surface area (14.66–42.20 m2/g) than BiOCl (13.49 m2/g). The photocatalytic 
performance showed that SBCl samples have higher photocatalytic activity than BiOCl in 
degrading Rhodamine B (RhB) dye under visible light irradiation. Among the SBCl samples, 5 % 
SBCl exhibited the highest photocatalytic efficiency which degraded 91.2 % of the RhB dye in 60 
min. Moreover, the photoelectrochemical activities of the as-synthesized BiOCl and SBCl were 
investigated using linear sweep voltammetry (LSV) and electrochemical impedance spectroscopy 
(EIS) in the dark and under visible light irradiation. Both studies showed that SBCl exhibits 
enhanced photoelectrochemical activities than BiOCl. Hence, it can be suggested that SBCl pos
sesses visible light active properties and can be potentially used as a photocatalyst and photo
electrode material.   

1. Introduction 

Numerous types of semiconductor photocatalysts, such as TiO2, ZnO, CdS, and MoS2 have been developed for water splitting and 
removing organic contaminants using solar energy [1,2]. TiO2 is a well-known standard model photocatalyst for understanding 
photocatalysis. This is due to their biocompatibility, excellent stability under various conditions, and capacity to produce charge 
carriers when excited with the appropriate type and intensity of light [1]. However, TiO2 is only active in UV light because of its wide 
band gap (~3.2 eV) [3,4]. Therefore, the design of visible-light-active photocatalysts is essential for the effective use of solar energy. 
Visible light is considered to be a safe, economical, environmentally friendly, and sustainable energy resource when used in 
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photocatalytic processes [5,6]. Numerous compounds have been considered and studied as potential visible light-driven materials. For 
instance, chalcogenide-based materials are known as one of the visible light active materials [7]. This is due to its narrow bandgap 
energy, capability to harvest visible light, and several applications including solar energy utilization, visible light photocatalysis, 
visible light-assisted water splitting, and removal of harmful contaminants [2,7]. Various studies were conducted with the aim of 
degrading hazardous water pollutants using an efficient, stable, and visible light-responsive photocatalyst. Currently, visible 
light-active photocatalysts such as bismuth-based materials are being studied for wastewater treatment [8]. 

Recently, the high photocatalytic activities of bismuth oxyhalides (BiOX (X = Cl, Br, and I) have been presented as a novel family of 
promising visible-light-active photocatalysts, which have attracted the attention of many scientific researchers [9–11]. Among them, 
bismuth oxychloride (BiOCl) is a non-toxic, cost-effective, and eco-friendly photocatalyst [12]. BiOCl has a distinctive layered 
structure consisting of a [Bi2O2]2+ layer with two [Cl]- layers sandwiched between one another [13,14]. The static electric field 
adjacent to [Bi2O2]2+ and [Cl]- layers causes a polarity in electronegativities between layers which can lead to the separation of 
electron-hole pairs. Therefore, it helps to enhance the photocatalytic performance [13,15,16]. Additionally, the unique layered 
structure contributes to improving the separation efficiency between photoinduced electrons and holes, which results in excellent 
photoelectrochemical abilities [17]. 

Different methods are reported to increase the capacity of semiconductor photocatalysts to effectively absorb light, including 
doping, composites, etc. [9,18–22]. Doping is one of the promising modification strategies to increase photocatalytic activity. For 
instance, Liu et al. prepared Co-doped BiOCl and degraded 98.9 % of Rhodamine B dye (RhB) which was 1.43 times greater than BiOCl 
under visible light irradiation [19]. In another study, Zr-doped BiOCl was reported to have greater photocatalytic activity than BiOCl, 
which was 3 times more effective at degrading RhB dye [22]. Furthermore, Zhong et al. reported that Y–BiOCl had higher photo
catalytic activity than BiOCl, degrading 90.3 % of tetracycline [18]. Additionally, Y-doping narrowed the bandgap of BiOCl, which 
reduced the rate of photocarrier recombination and increased the photocatalytic activity [18]. In another study, Li et al. mentioned 
that Zn-doped BiOCl degraded 100 % of RhB dye under visible light irradiation [9]. It is reported that the improved photocatalytic 
activity is mainly attributed to high BET surface area and effective separation of photogenerated electron-hole pairs of the samples [9]. 
Composite formation is also a favorable modification to help enhance the photocatalytic activity [20,21]. For example, Anwar et al. 
fabricated Ag@BiOCl/g-C3N4 composite and the photocatalytic activities were greater than BiOCl. The Ag@BiOCl/g-C3N4 composite 
degraded about 92 % and 95.29 % of RhB and Crystal Violet, respectively [20]. 

In this work, doping BiOCl with tin (Sn) is a promising approach for enhancing photocatalytic activity under visible light irradi
ation. BiOCl and Sn-doped BiOCl were fabricated using a one-step co-precipitation method at ambient conditions. To the best of our 
knowledge, the photocatalytic degradation of RhB dye using visible light as a light source for Sn-doped BiOCl that was synthesized 
using the co-precipitation method has not been reported yet. Moreover, the photoelectrochemical studies on Sn-doped BiOCl such as 
linear sweep voltammetry (LSV) and electrochemical impedance spectroscopy (EIS) conducted in the dark and under visible light 
irradiation, have also not yet been reported. Several characterization techniques were used to determine the phase, structure, 
morphology, and optical properties of the as-synthesized materials. Therefore, the aim of this research is to investigate the effect of Sn 
as a dopant on the photocatalytic activity of the BiOCl under visible light irradiation. Furthermore, photoelectrochemical studies using 
methods like LSV and EIS were also carried out to understand the visible-light-induced response. 

2. Experimental method 

2.1. Materials 

Bismuth nitrate pentahydrate (Bi(NO3)3⋅5H2O, 97 %) was acquired from VWR, USA. Potassium chloride (KCl) was purchased from 
BDH, UK. Tin (IV) chloride pentahydrate (SnCl4⋅5H2O, 98 %), ethylene glycol ((CH2OH)2, 99.8 %), and ethyl cellulose (48.0–49.5 % 
(w/w) ethoxy basis) were obtained from Sigma Aldrich, Germany. Alpha-terpineol (α-terpineol) was obtained from Merck, Germany. 
Ethanol (C2H5OH, 95 %) was acquired from Daejung Chemicals and Metals Co. Ltd., South Korea. Sodium sulfite anhydrous (Na2SO3) 
was acquired from Fisher Scientific, USA. Double distilled was purified using Aquatron, England, and was used throughout the 
experiment. 

2.2. Synthesis of BiOCl and Sn-doped BiOCl 

For the preparation of BiOCl, Bi solution was first prepared by dissolving 0.80 M of Bi(NO3)3⋅5H2O in ethylene glycol. The solution 
was stirred for 20 min. The next step was to prepare a 0.80 M aqueous solution of KCl. The KCl solution was added to the prepared Bi 
solution after 20 min. Subsequently, the mixture was rapidly agitated for 1 h at room temperature. The white product was then 
separated using centrifugation. The product was washed with ethanol and water for three times to remove impurities. The solid was 
ground using an agate mortar and pestle after drying at 80 ◦C. The finished product was a fine white powder. 

For the synthesis of Sn-doped BiOCl, a desired amount (1 %, 5 %, and 10 %) of SnCl4⋅5H2O and 0.8 mmol of Bi(NO3)3⋅5H2O were 
dissolved in 9.60 mL of double-distilled water and magnetically stirred for 20 min. The mixture was then added to 0.8 mmol of KCl 
solution and rapidly stirred for 1 h. The product was separated using centrifugation. The product was then rinsed with ethanol and 
water three times. The materials were crushed into fine powders using an agate mortar and pestle after drying at 80 ◦C. The desired 
amounts of Sn-doped BiOCl prepared were 1 %, 5 %, and 10 % and denoted as 1 % SBCl, 5 % SBCl, and 10 % SBCl, respectively. 
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2.3. Characterization 

A series of techniques were used for the characterization of the as-synthesized BiOCl and SBCl. Powder X-ray diffraction (XRD) was 
carried out with a Rigaku MiniFlex (λ = 1.5406 Å) at a scan rate of 2◦ min− 1 to determine the crystal phase structure. The samples were 
examined at a 2θ value between 20 and 80◦. Fourier Transform Infrared Spectroscopy (FT-IR, Shimadzu IRSpirit) was used to 
investigate associated vibrational modes present in the synthesized materials. Raman analysis (DXR, Thermo Scientific) was performed 
with an excitation wavelength of 255 nm (laser power of 2.5 mW) to obtain the details on the chemical structures. UV–visible diffuse 
reflectance spectroscopy (UV–Vis DRS, Shimadzu UV 2600) was employed to measure the absorption, band structures, and overall 
optical properties. Photoluminescence spectroscopy (PL) was carried out using a Jasco FP-8500ST fluorescence spectrophotometer. 
JEOL JEM 2100 instrument was utilized for Transmission electron microscopy (TEM) and high-resolution transmission electron mi
croscopy (HRTEM) analysis to study the surface morphology and particle size. N2 adsorption and desorption isotherms were conducted 
using the ASAP 2020 torsimeter (Micrometric). The Brunauer Emmett-Teller (BET) method is used to determine the specific surface 
areas. The photoelectrochemical studies were carried out in the dark and under visible light irradiation (Simon FL30 LED Floodlight, 
Jiangsu, China) and were measured using a potentiostat Autolab (MetroHm, Herisau, Switzerland). A TOPTION V photoreactor 
equipped with a 300 W Xenon lamp was used to perform the photocatalytic process of the photocatalysts. The UV–visible spectroscopy 
(UV–Vis, Shimadzu UV-1900) was used to evaluate the photocatalytic degradation of RhB dye. 

2.4. Photoelectrochemical studies of BiOCl and Sn-doped BiOCl 

The working electrodes for LSV and EIS were fabricated by sonicating 25 mg of each sample for 10 min in 500 μL of ethanol and 
α-terpineol for full dispersion. After that, 25 mg of ethyl cellulose was then added as a binder to the sonicated mixture. To produce a 
thick paste, the mixture was heated to 80 ◦C and magnetically agitated for 1 h. The paste was coated on the fluorine-doped tin oxide 
(FTO) glass electrode by 2 cm × 1 cm using the doctor-blade technique. A potentiostat with a three-electrode system was used to record 
the LSV and EIS measurements. The three-electrode system includes BiOCl and SBCl (coated on FTO glass), Pt sheet, and Ag/AgCl as 
the working electrode, counter electrode, and reference electrode, respectively. At ambient conditions, the LSV and EIS studies of 
BiOCl and SBCl were carried out in 80 mL of 0.1 M Na2SO3 aqueous solution in the dark and in the presence of visible light. The LSV 
was measured at a scan rate of 50 mVs− 1 with a potential range of − 0.8 to 1.2 V. The EIS was studied at the frequency range of 1–105 

Hz and at a potential of 0.55 V. 

2.5. Photocatalytic dye degradation of BiOCl and Sn-doped BiOCl 

RhB dye was employed as the target pollutant to evaluate the photocatalytic performance of BiOCl and SBCl under visible light 
irradiation. Generally, 20 mg of the photocatalyst was dispersed into the 50 mL of 10 ppm RhB aqueous solution. Before the photo
catalytic reaction, the suspension was sonicated for 10 min and agitated in the dark for 30 min to achieve adsorption-desorption 
equilibrium. Subsequently, the photocatalytic reaction was run for 1 h while being exposed to visible light. Every 10 min, 3 mL of 
the suspension was taken out and centrifuged to separate the photocatalyst. After that, the photocatalytic degradation efficiency of 
BiOCl and SBCl was analyzed using a UV–vis spectrophotometer by measuring the absorbance between the wavelengths of 200–800 
nm. 

Fig. 1. The powder XRD patterns of the as-prepared BiOCl, 1 %, 5 %, and 10 % SBCl.  
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3. Results and discussion 

3.1. Powder XRD analysis 

The crystal structure of BiOCl, 1 %, 5 %, and 10 % SBCl was examined using powder XRD technique. The diffraction peaks of BiOCl 
and SBCl samples were indexed to the tetragonal crystal of BiOCl (JCPDS no. 1-085-0861) as shown in Fig. 1 [23]. There are no 
additional peaks indicating the absence of impurities. The three major crystal planes were observed at 25.91◦, 32.57◦, and 33.46◦

which are assigned to the (101), (110), and (102) planes, respectively. The peak ratio between the (110) and (102) planes in the BiOCl 
standard is 0.63. The as-prepared BiOCl, 1 % SBCl, 5 % SBCl, and 10 % SBCl all have peak ratios of 0.97, 0.34, 1.02, and 1.02, 
respectively. The samples have preferential growth in the [110] direction when a doping dosage of Sn increased, as seen by the 
diffraction peak ratio of (110) over (102). In addition, the crystallite sizes of BiOCl, 1 % SBCl, 5 % SBCl, and 10 % SBCl were 
determined using the Debye-Scherrer equation provided in equation (1), 

D=
Kλ

β cos θ
(1)  

where D is crystallite size, β = FWHM (Full width at half maximum) at θ peak, λ = X-ray wavelength used, θ = Bragg angle, and K = 0.9. 
The average crystallite size of BiOCl, 1 %, 5 %, and 10 % SBCl were 34.60, 29.15, 21.73, and 20.12 nm, respectively. It is evident 

that as the concentration of Sn increases, the crystallite size decreases. This might be due to the increase of Sn doping and reduced Bi 
concentration in the system [24]. However, there is only a minor change in the lattice parameters and unit cell volume of the BiOCl due 
to the Sn doping. Moreover, other structural parameters such as lattice strain were also determined. The calculated lattice parameters, 
unit cell volume, mean crystallite size, and the average lattice strain of the BiOCl, 1 %, 5 %, and 10 % SBCl are shown in Table 1 [24]. It 
was observed that the value of the average lattice strain increased progressively when 1 %, 5 %, and 10 % Sn were incorporated. 
Furthermore, there is a slight increase in the cell volume as more Sn was doped from 1 % to 10 %. Overall, this result suggests that Sn 
was successfully incorporated into the BiOCl lattice. 

3.2. FT-IR analysis 

FT-IR spectroscopy was carried out in the range of 4000-400 cm− 1 to determine the related vibrational modes of the as-prepared 
materials. In Fig. 2(a), a broad peak was seen at 3424 cm− 1, which is caused by the OH stretching vibration of adsorbed H2O species 
[4]. The bending vibrations of H2O species that had been adsorbed produced the peaks at 1623 cm− 1. The weak peaks at 1382 cm− 1 

were attributed to the Bi–Cl band. The Bi–O band was said to be responsible for the intense peak at 524 cm− 1. Additionally, compared 
to BiOCl, 1 % SBCl, and 10 % SBCl, the 5 % SBCl had more adsorbed H2O species [4]. Similar findings were reported in other studies. 
For instance, Yu et al. conducted the FT-IR analysis of Mn-doped BiOCl. The peaks observed at 525 cm− 1 and 1623 cm− 1 were assigned 
to Bi–O and adsorbed OH bands, respectively [25]. In another study, Han et al. synthesized Sn-doped BiOCl via a co-precipitation 
method with controlled pH. They reported two FT-IR peaks at around 533 cm− 1 and 1616 cm− 1 for Bi–O and OH bands, respec
tively [26]. In this study, it was observed that as the Sn content increases, the peak intensity at 524 cm− 1 weakens. This could be due to 
the decrease in the Bi–O content [27]. This FT-IR result is in agreement with the XRD analysis, in which the Sn dopant was successfully 
introduced into the BiOCl lattice. 

3.3. Raman analysis 

Fig. 2(b) shows the Raman spectra of BiOCl, 1 % SBCl, 5 % SBCl, and 10 % SBCl. There were three vibrational peaks observed for 
each sample. The strongest peak is at around 144 cm− 1 and was assigned to the A1g mode, which refers to the internal Bi–Cl stretching 
mode. The next peak located around 210 cm− 1 was due to the Bi–Cl bands with Eg stretching mode. The weakest peak at around 398 
cm− 1 was caused by the vibrations of Bi–O atoms with Eg/Bg stretching modes [28,29]. These three peaks are typically observed and 
reported for BiOCl in the literature [12,29]. For instance, Jiang et al. synthesized BiOCl and sulfur-doped BiOCl using a solvothermal 
technique. The author performed Raman analysis and found three distinguishable peaks at 141, 199, and 397 cm− 1 [12]. In another 
report, Mi et al. investigated the Raman spectra of Fe-doped BiOCl and the results also showed three distinct peaks at 143.7 cm− 1, 
198.2 cm− 1, and 395.9 cm− 1 [29]. This result suggests that there are no additional peaks present in 1 %, 5 %, and 10 % SBCl due to the 
Sn doping, which is in accordance with the XRD analysis. 

Table 1 
Lattice parameters, unit cell volume, mean crystallite size, and average lattice strain of the as-synthesized BiOCl, 1 % SBCl, 5 % SBCl, and 10 % SBCl.  

Samples Lattice parameters (Å) Unit cell volume (Å3) Mean crystallite size (nm) Average lattice strain (ε) 

a c 

BiOCl 3.885 7.371 111.26 34.60 0.0011 
1 % SBCl 3.869 7.319 109.54 29.15 0.0013 
5 % SBCl 3.876 7.343 110.30 21.73 0.0019 
10 % SBCl 3.882 7.354 110.83 20.12 0.0021  
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3.4. UV–vis DRS analysis 

In Fig. 3(a), the UV–Vis DRS spectra of BiOCl, 1 %, 5 %, and 10 % SBCl are shown. It was observed that the absorbance spectra (inset 
in Fig. 3(a)) of all the samples exhibit high absorbance in the UV region. In addition, the inset also shows the colour of the BiOCl, 1 % 
SBCl, 5 % SBCl, and 10 % SBCl. It is apparent that the colour changes from white to pale yellow, as the Sn dopant increases. Moreover, 
the band gap energy of BiOCl, 1 %, 5 %, and 10 % SBCl was evaluated using the Kubelka-Munk method. The band gap energy was 
determined by the intercept of the extrapolated linear part of the plot at [F(R)hv]1/2 = 0. The obtained band gap energy of BiOCl, 1 % 
SBCl, 5 % SBCl, and 10 % SBCl were 3.40 eV, 3.37 eV, 3.34 eV, and 3.36 eV, respectively. Similar values were reported in previous 
studies. Guan et al. examined the band gap energy of Sn-doped BiOCl nanoflowers synthesized using a solvothermal method to be 
about 3.25 eV. The author mentioned that the addition of Sn did not assist in the narrowing of the band gap [30]. In another study, Li 
et al. fabricated Zn-doped BiOCl via a solvothermal route. The band gap was determined to be 3.37 eV [9]. Based on this result, it can 
be suggested that the increase in Sn dopant has little effect on the absorption edge and the band gap tuning. 

3.5. PL characterization 

Generally, PL analysis is used to investigate the electron-hole recombination or separation processes in semiconductors and study 
the surface defects as well [31]. The PL spectra of BiOCl, 1 %, 5 %, and 10 % SBCl were measured over a wavelength range between 300 
and 650 nm by an excitation source of 255 nm as shown in Fig. 3(b). For each sample, it was observed that there was a minimal change 
in the peak positions. Moreover, the emission intensity was enhanced after the addition of Sn dopant. This could be attributed to the 
oxygen vacancies and defects that might be present in SBCl [32,33]. Generally, the PL signal is dependent on the particle size and the 
amount of oxygen vacancy. The smaller the particle size, the higher the content of oxygen vacancy, and the greater the likelihood of 

Fig. 2. (a) FT-IR and (b) Raman spectra of BiOCl, 1 % SBCl, 5 % SBCl, and 10 % SBCl.  

Fig. 3. (a) Tauc plots constructed from Kubelka-Munk transformed diffuse reflectance and (b) PL spectra of BiOCl, 1 % SBCl, 5 % SBCl, and 10 % 
SBCl. Inset in Fig. 3(a) shows the plot of -log reflectance (i.e. absorbance) and the sample colour of all the as-synthesized materials. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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exciton formation. Thus, the more enhanced the PL intensity [34]. In addition, the excitation wavelength used was 255 nm which was 
lower than the band gap obtained for BiOCl and SBCl samples. Therefore, the PL emission might be caused by the electron transitions 
related to surface defects or surface state energy levels other than the electron transitions between the conduction band and valence 
band [33–35]. This result suggests that the optical property of 1 %, 5 %, and 10 % SBCl was improved by the successful incorporation of 
Sn and might have formed oxygen vacancies or surface defects. 

3.6. TEM analysis 

Fig. 4 displays the TEM, HRTEM, and selected area electron diffraction (SAED) patterns of BiOCl and 5 % SBCl only. It can be seen 
from the TEM images of BiOCl (Fig. 4(a)) and 5 % SBCl (Fig. 4(d)) that both possessed an irregular nanoplate-like morphology. 
Moreover, the average thickness of BiOCl and 5 % SBCl is about 16 nm and 9 nm, respectively. The decrease in thickness could suggest 
that the Sn is successfully incorporated into the BiOCl lattice. The HRTEM images of BiOCl (Fig. 4(b)) and 5 % SBCl (Fig. 4(e)) show 
clear lattice fringes, exhibiting good crystallinity. Furthermore, the d-spacing value of the lattice planes was also determined. The d- 
spacing values for BiOCl and 5 % SBCl (inset in Fig. 4(b), (e)) were estimated to be around 0.376 nm and 0.330 nm, which corre
sponds to the (002), and (101) planes of the tetragonal structure of BiOCl, respectively [36]. Furthermore, the crystallinity of BiOCl 
and 5 % SBCl was further confirmed using SAED analysis. It can be seen that BiOCl (Fig. 4(c)) and 5 % SBCl (Fig. 4(f)) displayed four 
broad and clear rings, which can be attributed to the (002), (101), (110), and (102) reflections of the tetragonal BiOCl structure. 
Similar findings can be found in other reported studies. For instance, Zhong et al. synthesized Fe-doped BiOCl and estimated the lattice 
spacing to be about 0.371 nm which corresponds to the (002) plane of BiOCl [37]. These results are in accordance with the XRD 
findings and confirm the successful synthesis of BiOCl and Sn-doped BiOCl. 

3.7. BET analysis 

In order to acquire the specific surface area and determine the type of isotherm of the as-prepared BiOCl, 1 %, 5 %, and 10 % SBCl, 
the N2 adsorption–desorption isotherm measurements were carried out. Fig. 5 shows the N2 adsorption–desorption isotherms plot of 
BiOCl, 1 % SBCl, 5 % SBCl, and 10 % SBCl. The inset shows the zoom area of the relative pressure between the range of 0.84–1.02. It 
was observed that all of the as-synthesized samples exhibit a type-IV isotherm containing an H3 hysteresis loop, which indicates the 
presence of mesoporous structure [38]. 

The specific surface area of these samples was measured using the BET method and is shown in Table 2. In comparison to BiOCl, it 
can be seen that the SBCl samples have a higher specific surface area. The specific surface area increases from 13.49 to 42.20 m2/g. It is 
clear that with the increase of Sn doping, the specific surface area significantly increases. It is widely known that the surface area has a 
significant impact on the photocatalytic activity. A greater BET surface area can result in more active sites on the catalyst surface, 
which can improve photocatalytic activity [9,39]. Furthermore, because of the larger surface area of SBCl, the dye can be transported 
and diffused through the pores and surfaces, which helps to improve SBCl photocatalytic efficacy [40]. Therefore, it can be concluded 
that the increase in specific surface area was attributed to the successful incorporation of Sn into the BiOCl lattice, in which the Sn 
doping produces more active sites. Hence, it helps to improve the photocatalytic performance of BiOCl. 

Fig. 4. TEM, HRTEM, and SAED patterns of (a–c) BiOCl and (d–f) 5 % SBCl. Inset in Fig. 4(b) and (e) are the zoom sections of the HRTEM images of 
BiOCl and 5 % SBCl, respectively. 
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4. Photoelectrochemical studies of BiOCl and Sn-doped BiOCl 

LSV is a technique that measures the current at a working electrode while linearly varying the voltage between the working 
electrode and a reference electrode [41,42]. To investigate the photoactivity of BiOCl, 1 %, 5 %, and 10 % SBCl, LSV was carried out in 
the dark and under visible light irradiation. Fig. 6(a) and Fig. 6(b) demonstrate the overall trend for measuring the current in the dark 
and under visible light irradiation, respectively. Moreover, all of the samples responded with a higher current when exposed to visible 
light than when they were in the dark. As shown in Fig. 6(a), it was observed that 1 %, 5 %, and 10 % SBCl displayed higher current 
than BiOCl in the dark. Among the samples, 5 % SBCl has the highest current of 0.53 mA. Fig. 6(b) shows the LSV measurements carried 
out under visible light irradiation. It can be seen that the 1 %, 5 %, and 10 % SBCl exhibited better photocurrent performance than 
BiOCl. A high photocurrent typically indicates that the sample has a strong capacity for producing and transporting the photoinduced 
charge carriers when exposed to light [43,44]. The highest photocurrent recorded was for 5 % SBCl with a value of 0.61 mA, which is 
higher than the current in the dark. The enhancement in photocurrent infers that it may be easily stimulated by visible light and 
produce more photoinduced charge carriers, which might lead to higher visible-light-induced photocatalytic activity [43,44]. 

To comprehend the charge separation process and transport properties, EIS was measured. The obtained Nyquist plot of BiOCl, 1 %, 
5 %, and 10 % SBCl in the dark and under visible light irradiation was shown in Fig. 6(c) and (d), respectively. The EIS results showed 
that all of the SBCl samples carried out in the dark and under visible light irradiation have a smaller arc radius compared to BiOCl. 
Furthermore, it can be seen that 5 % SBCl has the smallest arc radius in the dark and under visible light irradiation. It is expected that 
the arc radius would be smaller when measured under visible light irradiation than in dark. This indicates a faster electron transfer in 
the presence of light than in the dark. Therefore, the smaller arc radius corresponds to a lower electron transfer resistance at the 
photoelectrode surface, which is frequently linked to a fast interfacial charge transfer [42]. Overall, it can be suggested that Sn doping 
can accelerate the transfer of electrons and as a result, assist in improving the separation efficiency of photoinduced electron-hole pairs 
of SBCl at 1 %, 5 %, and 10 % [45,46]. These findings are in agreement with photocatalytic studies where 5 % SBCl has the highest 
photocatalytic efficiency in degrading RhB dye. 

Fig. 5. N2 gas adsorption-desorption isotherms of BiOCl, 1 %, 5 %, and 10 % SBCl photocatalysts (inset: the zoom region of relative pressure 
between 0.84 and 1.02). 

Table 2 
The obtained specific surface area of BiOCl, 1 %, 5 %, and 10 
% SBCl.  

Samples BET surface area (m2/g) 

BiOCl 13.49 
1 % SBCl 14.66 
5 % SBCl 33.12 
10 % SBCl 42.20  

A. Zulkiflee et al.                                                                                                                                                                                                      



Heliyon 9 (2023) e21270

8

5. Photocatalytic studies of BiOCl and Sn-doped BiOCl 

The photocatalytic performance of the synthesized materials was investigated using RhB dye as the model pollutant. The results of 
the photocatalytic degradation of RhB dye using BiOCl, 1 % SBCl, 5 % SBCl, and 10 % SBCl are shown in Fig. 7, where (a) is the kinetic 
analysis of photocatalytic degradation of RhB and (b) is the percentage of the photocatalytic degradation rate of each sample under 
visible light irradiation within 1 h. To evaluate the kinetic analysis and the photocatalytic efficiency of the as-prepared photocatalysts, 
the pseudo-first-order kinetics model in equation (2) was used. With respect to time 0 and t (min), C0 and Ct are the concentrations of 
the RhB dye, respectively, and k (min− 1) is the pseudo-first-order rate constant. 

Fig. 6. (a–b) LSV plots with a scan rate of 50 mVs− 1 and (c–d) Nyquist plots of BiOCl, 1 %, 5 %, and 10 % SBCl in the dark and under visible light 
irradiation. 

Fig. 7. (a) -ln(C/C0), pseudo-first-order kinetics, and (b) RhB degradation efficiency of the as-prepared materials under visible light irradiation.  
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-ln(Ct/C0) = kt                                                                                                                                                                          (2) 

According to the kinetic analysis displayed in Fig. 7(a), it was observed that the SBCl samples had a higher rate constant than BiOCl. 
Among the as-prepared samples, 5 % SBCl has the highest rate constant of 0.0343 min− 1. BiOCl has a rate constant of 0.0168 min− 1 and 
the rate constant of 5 % SBCl is three times greater than that of BiOCl. Therefore, it can be deduced that the incorporation of Sn into the 
BiOCl lattice enhances the photocatalytic performance. Despite that, the photocatalytic rate starts to decrease as the concentration of 
Sn increase to 10 %. Although the 10 % SBCl has the largest specific surface area, this suggests that the optimum doping is at 5 %, and 
beyond that, it seemed to affect unfavorably on the photocatalytic activity. In Fig. 7(b), the photocatalytic degradation efficiency of 
BiOCl, 1 %, 5 %, and 10 % SBCl are shown. The photocatalytic removal of RhB dye using BiOCl, 1 %, 5 %, and 10 % SBCl is 64.3 %, 
78.3 %, 91.2 %, and 82.1 %, respectively. This suggests that doping BiOCl with Sn helps enhance the photocatalytic performance. This 
might be attributed to the interdependent effect of large specific surface area and the rapid photogenerated electron–hole pair 
separation. 

6. Conclusion 

In summary, BiOCl and Sn-doped BiOCl were synthesized using the co-precipitation method at ambient conditions. The XRD 
studies determined the tetragonal phase of BiOCl, 1 % SBCl, 5 % SBCl, and 10 % SBCl. The mean crystallite sizes obtained were 
between 20 and 34 nm. This result can be further confirmed by FT-IR and Raman analysis. From BET evaluation, the specific surface 
area of BiOCl and 5 % SBCl are 13.49 m2/g and 33.12 m2/g, respectively. Among all of the as-prepared photocatalysts, 5 % SBCl has the 
highest photocatalytic activity, degrading 91.2 % of the RhB dye in 60 min whilst BiOCl only degraded about 64.3 %. The photo
catalytic performance is in agreement with the photoelectrochemical studies, in which the photoelectrochemical activities of 5 % SBCl 
showed enhanced response under visible light irradiation. The high photocatalytic performance is attributed to the large specific 
surface area and rapid electron-hole separation of SBCl. It can be concluded that SBCl has shown visible light-responsive properties and 
can be potentially used as a photocatalyst and photoelectrode material. 
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