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25 Abstract 

26 In this work, a series of highly porous and multifunctional CeSnO₃/Bi₂S₃ perovskite-based 

27 heterojunctions (CBX) were successfully synthesized via a two-step mixing approach. Among 

28 them, the optimized 30% CeSnO₃/Bi2S3 heterojunction (CB30) exhibited outstanding textural 

29 and electronic properties, featuring a high specific surface area (~85 m2 g−1) that enables efficient 

30 light harvesting and enhanced charge carrier separation. Consequently, CB30 degraded 70.7% of 

31 lindane (LN; 600 µg/L) in aqueous media under solar light irradiation for 100 min. The 

32 incorporation of peroxymonosulfate (PMS) into the reaction medium synergistically enhanced 

33 the photocatalytic efficiency of CB30 heterojunction by achieving 93.2% degradation of LN in 

34 100 min. The outstanding performance of CB30 in conjunction with PMS is primarily attributed 

35 to successful activation of PMS by oxygen vacancies rich CeSnO3/Bi2S3 heterojunction and the 

36 continuous redox recycling of Ce3+/Ce4+ species in the heterojunction. Furthermore, radical 

37 quenching experiments revealed hydroxyl, sulphate and superoxide radical ion (•OH, SO4
•⁻ and 

38 O2
•⁻) as the dominant species responsible for the photocatalytic degradation of LN in aqueous 

39 media. In addition to LN degradation, the antimicrobial activity analysis test confirmed the 

40 excellent performance of CB30 with an average zone of inhibition (ZOI) value of 21.5 mm and 

41 20 mm against Escherichia coli (E.coli) and Candida albicans (C.albicans) respectively. 

42 Furthermore, CB30 exhibited outstanding hydrogen evolution performances of 12.2, 22.2 and 

43 37.7 mmol g−1 of H₂ with external quantum efficiency (EQE) values of 34.4, 41.9 and 50.5% 

44 upon simulated solar irradiations for 6, 9 and 12 hrs of reaction time, respectively. The superior 

45 photocatalytic and photo-electrochemical activities are primarily governed by the synergistic 

46 integration of step-scheme (S-scheme) charge transfer, oxygen vacancies (34.91%) and 

47 Ce3+/Ce4+ redox cycling, establishing CB30 as a robust and multifunctional platform for 

48 persistent pollutant degradation, antimicrobial disinfection and sustainable hydrogen production. 

49 Keywords:

50 Antimicrobial activity, Ce3+/Ce4+ Redox recycling, Degradation, H2 evolution, Perovskite, S-

51 Scheme heterojunction

52

Page 2 of 64Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

/2
02

6 
12

:3
0:

40
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6MA00255B

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00255b


3

53 1. Introduction  

54 Pesticides are widely used in modern agriculture to improve crop yields and also to 

55 control pests. Although they serve a significant purpose in food security, the indiscriminate use 

56 and over-application of pesticides have led to serious environmental and health problems. 

57 Among these, lindane (γ-hexachlorocyclohexane, γ-HCH) is one of the highly toxic 

58 organochlorine pesticides that have been in wide use for decades in agriculture and also in 

59 controlling ectoparasites. Lindane (LN) is persistent, bio-accumulative, and resistant to natural 

60 degradation; hence, it has been classified as a persistent organic pollutant (POP) 1. Because of its 

61 high hydrophobicity and stability, lindane can easily accumulate in water bodies, and its 

62 exposure can be seriously risky because of neurotoxicity, endocrine disruption, and 

63 carcinogenicity 1. Its occurrence in water is of particular concern, and the Environmental 

64 Protection Agency (EPA) has established the minimum inhibitory concentration level (MCL) for 

65 lindane at 0.2 µg/L to protect public health. Though regulatory restrictions and bans were 

66 enacted in many countries, due to its historic use and environmental persistence, lindane 

67 continues to be found in surface and groundwater around the world, with concentrations often 

68 above guideline values. Monitoring studies performed uninterruptedly have reported detectable 

69 levels of lindane in surface waters, and in some areas these show higher values than safety limits 

70 set by regulatory agencies, tending to highlight the ongoing threat towards aquatic ecosystems 

71 and human health 2. 

72 It was indicated from previous studies that adsorption, chlorination, ozonation, membrane 

73 technologies, and biological treatments could not proficiently remove refractory contaminants 

74 like lindane due to some challenges these treatment methodologies faced, such as expensive 

75 procedures, slow processing and formation of secondary waste 3, 4. Thus, opportunities are left 

76 for more effective and advanced cost-effective wastewater treatment methodologies for the 

77 removal of such refractory contaminants. Recently, peroxymonosulfate (PMS, HSO5
−)-assisted 

78 advanced oxidation processes (AOPs) have attracted remarkable interest as an efficient and eco-

79 friendly way to destroy persistent organic contaminants in water 5. Compared with hydroxyl 

80 radicals (•OH), the sulfate radical ions (SO4
•−) possesses higher redox potential and longer 

81 lifetime, which could lead to a highly effective oxidation over a wide pH range 5. Such a dual-

82 radical mechanism ensures complete degradation of hazardous materials, including pesticides 
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83 like LN, from aqueous medium through an appropriate pathway toward sustainable wastewater 

84 purification techniques. 

85 Khan et al. applied the visible and solar light assisted S-TiO2/PMS system for the 

86 efficient removal of lindane in aqueous media. Their results showed 31 and 63.4 % removal of 

87 lindane (10 µM) under the visible and solar light assisted S-TiO2 photocatalysis at a reaction 

88 time of 6 hrs respectively. The photocatalytic performance of S-TiO2 was increased remarkably 

89 by the incorporation of PMS (0.2 mM) in aqueous media achieving 68.2 and 99.9% removal of 

90 lindane at a reaction time of 6 hrs under visible and solar light respectively 6. Similarly, one more 

91 investigation of Khan et al. revealed 78.4 % removal lindane (3.43 µM) by Fe2+/PMS system 

92 under fluorescence light in 12 hrs respectively 7. Furthermore, using UV/PMS process attained 

93 92% removal of lindane in 180 mints with the kapp value of 1.42 × 10−2 min−1 8. The present 

94 study, however, effectively degrades lindane at extreme trace levels (2.06 µM). 

95  Besides, the energy production (H2) from water splitting is also an interesting area where 

96 the research is focusing nowadays. For such dual-purpose applications (contaminants 

97 degradation and H2 productions) researchers have developed different types of photocatalysts 

98 and their composites/heterojunctions. Wu et al used MoS2@TiO2 for the simultaneous removal 

99 of contaminants (Enrofloxacin (ENR), Ofloxacin (OFX) and Ciprofloxacin (CIP)) and H2 

100 production. The results showed 95.6, 95.3 and 72.1 % degradation of those contaminants with 

101 the corresponding rate of H2 evolution of 41.59, 36.82 and 30.26 µmol g-1h-1 for ENR, OFX and 

102 CIP in aqueous media under visible light irradiations for 3 hrs respectively 9. Similarly, the one-

103 pot hydrothermal synthesis of TiO2/RCN heterojunction showed 98.6% degradation of 

104 Rhodamine B under visible light irradiation for 3.5 hrs. Moreover, the TiO2/RCN heterojunction 

105 yield 361.8 µmol g-1h-1 of H2 after 5 hrs of visible light illuminations 9, 10. 

106 Recently, perovskite-based photocatalysts have gained considerable attention in the field 

107 of wastewater treatment and energy production (H2) from water splitting due to their exciting 

108 properties of tunable band structures, high absorption coefficients, oxygen vacancies, and 

109 adjustable surface chemistry 11. However, it has been documented that conventional perovskite 

110 such as calcium titinate (CaTiO3), barium titinate (BaTiO3), strontium titinate (SrTiO3), etc., face 

111 some challenges in the field of wastewater treatment due to their poor stability, limited visible 
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112 light absorption, high band gap energies, and rapid electron-hole pair coupling 12. On the other 

113 hand, cerium tin oxide (CeSnO₃) has emerged as an encouraging material due to its exceptional 

114 electronic structure, structural stability, efficient charge transport and extended light absorption. 

115 In CeSnO3 the cerium exists in a reversible Ce3+/Ce4+ redox pair form that enables dynamic 

116 redox recycling and possesses excellent oxygen storage capability. Similarly, the occurrence of 

117 oxygen vacancies in CeSnO3, act as electron reservoirs for the photogenerated electrons and also 

118 act as catalytic active sites 13, 14. The occurrence of these features promotes charge separation, 

119 enhances PMS activation and the efficient reactive oxygen species (ROS) formation during the 

120 photocatalytic process.

121 Recently the sulfide based materials especially bismuth sulfide (Bi2S3), gained the researcher 

122 attraction to be used as a photocatalyst in the field of wastewater treatment. Bi2S3 is a semiconductor 

123 having low band gap energy (~1.3–1.7 eV) with strong absorption in the visible region and excellent 

124 charge transport properties. These qualities make it a promising catalyst to be used in the construction of 

125 suitable heterojunction for wastewater treatment 15. Furthermore, coupling of Bi2S3 with other 

126 photocatalysts especially CeSnO3 can significantly improves the interfacial charge separation and 

127 migration and effective inhibition in electron-hole pair recombination thereby enhancing the 

128 photocatalytic efficiency in environmental remediation and energy conversion applications 16.    

129 Keeping in mind these outstanding features, the current study introduces highly porous 

130 oxygen vacancies rich CeSnO3/Bi2S3 perovskite-based heterojunction with high surface area and 

131 efficient Ce3+/Ce4+ redox recycling. The synthesized heterojunction material synergistically 

132 activates PMS, leading successful generation of ROS (•OH, SO4
•⁻ and O2

•⁻ ) and caused efficient 

133 degradation of LN in aqueous media under light illuminations. Furthermore, the performance of 

134 the synthesized material was compared with the previously reported photocatalyst and a detailed 

135 summary is provided in Table S2. Compared to previously reported photocatalyst the as-

136 synthesized CeSnO₃/Bi₂S₃ heterojunction achieved 93.21% degradation under simulated solar 

137 illuminations for 100 min, showing the enhanced efficiency of CeSnO₃/Bi₂S₃ heterojunction 

138 compared to previously reported photocatalysts. In addition to this, the CeSnO3/Bi2S3 

139 heterojunction exhibits excellent antimicrobial activity against the Escherichia coli (E.coli) and 

140 Candida albicans (C.albicans) and significant solar-driven H2 production. All these qualities 

141 (contaminant degradation, antimicrobial activity and H2 production) make CeSnO3/Bi2S3 a 
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142 promising material to be used for simultaneous wastewater purification and energy production 

143 applications.       

144 2. Experimental 

145 2.1. Chemicals 

146 The following were supplied by Sigma-Aldrich: cerium (IV) sulfate tetrahydrate 

147 (Ce(SO4)2·4H2O, 98%), polyvinylpyrrolidone ((C6H9NO)n), lindane pestanal (C6H6Cl6, 97%), 

148 Oxone (KHSO5; 0.5 KHSO4; 0.5 K2SO4), benzoquinone (C6H4O2, 98%) and ethanol (C2H5OH, 

149 99.8%). Scharlau (Spain) provided SnCl2·2H2O (98%), sodium hydroxide (NaOH, 97%), tert-

150 butanol (C4H10O, 99%) and sodium bicarbonate (NaHCO3, 99%). Bi2(NO3)2·5H2O (98%), Na2S 

151 (60–63%) and Na2CO3 (99.8%) were supplied by Acros Organics. Reagents perchloric acid 

152 (HClO4, 60%), terephthalic acid (C8H6O4, 97%) and NaNO3 were supplied by Daejung Korea. 

153 Silver nitrate (AgNO3, 99.8%), sodium chloride (NaCl, 99.5%) and potassium iodide (KI, 

154 99.8%) were provided by Merck. Ammonium hydroxide (NH4OH, 25%) originated from BDH 

155 England. All chemicals were used without further purification, and all solutions were prepared 

156 with ultrapure water (resistivity 18.2 MΩ·cm). 

157 2.2. Material Synthesis

158 2.2.1. Synthesis of CeSnO3

159 CeSnO3 was synthesized by using a simple hydrothermal approach. Equimolar 0.2 M 

160 solutions of cerium (Ce) and tin (Sn) were prepared in 40 mL of distilled water, namely solution 

161 A and solution B, respectively. For the 0.2 M Ce solution, 3.2 g Ce(SO4)2·4H2O was dispersed in 

162 40 mL water with continuous stirring for 30 min (solution A). For the 0.2 M Sn solution, 1.81 g 

163 SnCl2·2H2O was dissolved in 40 mL distilled water with continuous stirring for 30 min (solution 

164 B). Solution A was slowly dropped into solution B under stirring for 1 h. The pH value was 

165 adjusted to 8 by means of NH4OH. The mixture was put into a Teflon-lined autoclave and 

166 underwent hydrothermal treatment at 180 °C for 24 h. The contents in the autoclave were washed 

167 repeatedly with distilled water and ethanol and dried at 80 °C for 6 h. The as-dried material was 

168 further calcinated at 500 °C for 5 h to obtain the final CeSnO3 product.

169
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170 2.2.2. Synthesis of Bi2S3

171 Bismuth sulfide (Bi2S3) was prepared using a two-step mixing procedure with the 

172 precursors of Bi(NO3)3·5H2O and Na2S. First, 4.85 g Bi(NO3)3·5H2O was dispersed in 50 mL 

173 distilled water with stirring for 25 min to obtain Solution A. Then Solution B was prepared by 

174 dissolving 1.17 g Na2S in 50 mL distilled water. Solution B was added drop wise to solution A 

175 under stirring for 1 hour continuously. The resulting black precipitate was washed with distilled 

176 water and ethanol and then vacuum-dried at 80 °C to obtain the final product.

177 2.2.3. Synthesis of CeSnO3/Bi2S3 Perovskite-Based Heterojunction

178 Synthesis CeSnO3/Bi2S3 perovskite-based heterojunctions with weight percentages of 5, 

179 10, 20, 30 and 40% were synthesized using a two-step mixing method. They were labeled as 

180 CB5, CB10, CB20, CB30, and CB40, respectively. To synthesize the sample CB5, 950 mg 

181 CeSnO3 was dissolved in 100 mL ethanol–water (1:1) to form solution A. Solution B was 

182 prepared by dissolving 50 mg Bi2S3 in 100 mL ethanol–water (1:1). PVP was then added to 

183 solution A at a concentration of 100 mg per 10 mL with continuous stirring. Solution B was then 

184 slowly added into solution A. After that, the mixed solution was magnetically stirred at 60 °C for 

185 8 h. The resulting precipitate was washed several times with distilled water and then vacuum-

186 dried at 60 °C. The resultant sample was denoted as CB5. The same method was applied for the 

187 synthesis of CB10, CB20, CB30 and CB40, adjusting the initial concentrations of CeSnO3 and 

188 Bi2S3 according to stoichiometry. Scheme 1 illustrates a schematic view of the synthesis 

189 procedures.
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190

191 Scheme 1. Systematic synthesis of CeSnO3/Bi2S3 perovskite-based heterojunction.

192 2.3. Characterization of synthesized materials

193 The surface morphology and particle size was investigated through scanning electron 

194 microscopy (SEM; JSM-5910). The more detailed information of the material at nanoscale was 

195 studied using transmission electron microscopy (TEM) and high-resolution transmission electron 

196 microscopy (HRTEM) (FEI Corp., USA). Energy dispersive x-ray technique (EDX) was carried 

197 out to study the elemental composition and the purity of the synthesized materials using EDX; 

198 EX-2300BU, JEOL. In association with EDX, the elemental mapping was also performed in 

199 order to determine the distribution of elements in the synthesized samples. X-ray diffraction 

200 (XRD) measurements were performed using a Rigaku D/max-RB diffractometer with Cu-Kα 

201 radiation (λ = 1.54 Å) to investigate the crystallinity and phase composition. The instrument was 

202 operated at 45 kV and 100 mA, with a scan rate of 0.03o s⁻¹ over the 2θ range. Fourier transform 
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203 infrared (FTIR) analysis provided information regarding the formation of the synthesized 

204 materials and the presence of various function groups associated with the material surface using 

205 FTIR-8400 spectrophotometer (Shimadzu). X-ray photoelectron spectroscopies (XPS), of the 

206 synthesized materials were carried out for studying the detail surface chemical composition and 

207 the binding energies using a Thermo Scientific Kα spectrophotometer (PHI-5300 ESCA 

208 spectrometer). Surface area and porosity analyses of the synthesized catalysts were performed 

209 using a Quantachrome (Quantachrome® ASiQwin™- Automated Gas Sorption Data, 

210 Acquisition and Reduction, 1994–2016, Quantachrome Instruments version 5.0) system via 

211 nitrogen adsorption–desorption isotherms. Before measurements, the samples were well 

212 degassed at 150 °C for 8 hrs under vacuum to eliminate adsorbed species. The specific surface 

213 area was measured using the Brunauer–Emmett–Teller (BET) method, while the pore size 

214 distributions were determined employing the Barrett–Joyner–Halenda (BJH) model. The optical 

215 band gap energy of the synthesized materials was determined using ultraviolet diffuse reflectance 

216 spectroscopy (UV-DRS), performed on a PerkinElmer Lambda 1050 UV/Vis/NIR 

217 spectrophotometer. Barium sulfate (BaSO4) was used as the non-absorbing reflectance standard. 

218 The phenomenon of radical production and electron-hole pair (e-, h+) recombination were 

219 investigated through photoluminescence analysis (PL) using fluorescence spectrometer 

220 (PerkinElmer LS 45). Electrochemical analysis including electrochemical impedance 

221 spectroscopy (EIS), Mott-Schottky analysis (MS) and photocurrent measurement of the 

222 synthesized materials were examined to evaluate the charge transfer resistance, charge transport 

223 characteristics, band position determination and photo-response of the synthesized samples. The 

224 measurements were performed using a Corrtest Potentiostat (CS310M, Corrtest, China). The 

225 three electrode system was used for analysis in which the synthesized material was deposited on 

226 working electrode with silver-silver chloride (Ag/AgCl) as the reference and platinum as the 

227 working electrode respectively. A common salt addition method was employed for determining 

228 the surface charge of the synthesized material using NaNO3 (0.1 M) as the electrolytic solution 

229 17.

230 2.4. Photoluminescence analysis

231 The formation of hydroxyl radicals (•OH) during the photocatalytic process was 

232 confirmed by Photoluminescence analysis (PL). For PL analysis a reaction system was made by 
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233 taking 50 mL of terephthalic acid (TA, 3.5 × 10−4 M) and mixed with 50 mL of sodium 

234 hydroxide solution (2 × 10−3 M). About 15 mg of the synthesized CeSnO3 was added to the 

235 reaction upon continuous stirring. The reaction mixture was exposed to simulated solar lamp 

236 (Xe; 55 W) for 100 min. Under light illuminations, the CeSnO3 produced •OH which upon 

237 reaction with TA caused the formation of the fluorescent product, 2-hydroxyterephthalic acid 

238 (TAOH), as given in Eq. (1) and (2) 17. The fluorescence emission intensity of TAOH, typically 

239 monitored around 425 nm, is directly related to the amount of •OH formed in the system. Thus, 

240 an increase in fluorescence intensity confirmed the successful generation of •OH during 

241 photocatalysis. The identical experimental protocol was applied to Bi2S3 and the CeSnO3/Bi2S3 

242 heterojunction (CB30), wherein CeSnO3 was substituted with Bi₂S₃ and CB30, respectively (Eq. 

243 3-6).

244 CeSnO3 +hv → HO∙ (1)

245 HO∙ +TA →TAOH   (2)

246 Bi2S3 +hv → HO∙ (3)

247 HO∙ +TA →TAOH (4)

248 CB30 + hv → HO∙ (5)

249 HO∙ +TA →TAOH (6)

250 2.5. Point of zero charge (PZC) analysis

251 In the area of photocatalysis the surface charge plays a crucial role that highly influences 

252 the interaction capabilities and the adsorption of contaminants over the material surface. The 

253 point of zero charge (PZC) value provides valuable information regarding the surface charge that 

254 plays significant role in the various applications including adsorption, photocatalysis and 

255 wastewater treatment. For the same purpose the PZC of the as-synthesized CB30 was determined 

256 using the salt addition technique 17. 

257 Typically, about 0.1 M solution of sodium nitrate (NaNO3) was prepared and taken in 10 

258 separate reagent bottles. The pH of the solutions was altered from 3 to 12 using the dilute 
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259 solution of HNO3 (0.1 M) and/or NaOH (0.1 M). After pH adjustment, the equal amount of the 

260 CB30 (20 mg) was supplemented to each reagent bottle. The reagent bottles were transferred to 

261 the shaker and shaking was done 24 hrs at 150 rpm. After 24 hrs of continuous shaking, the 

262 samples were filtered and the pH was re-measured. Using Eq. 7, change in pH (ΔpH) was 

263 determined. Finally, the PZC of the material was obtained by plotting ΔpH against initial pH 

264 (pHi). The PZC of CB30 was found to be 4, as evident from the intersection point (Fig. S1). 

265 ∆pH = pHi ― pHf (7)

266 2.6. Photocatalytic degradation of LN under simulated solar irradiations in aqueous media  

267 The photocatalytic efficiency of the as-synthesized CeSnO3, Bi2S3 and the CeSnO3/Bi2S3 

268 perovskite-based heterojunction were systematically evaluated towards the photodegradation of 

269 LN in aqueous media. The photocatalytic investigations were performed in a batch reactor under 

270 simulated solar irradiation using a 55 W Xenon lamp, placed 15 cm above a petri dish containing 

271 LN solution (600 µg/L). Prior to illumination, the reaction mixture was stirred in dark for 30 min 

272 to signify adsorption–desorption equilibrium. The lamp was then turned on to initiate the 

273 photocatalytic degradation process. At regular intervals, an appreciable amount (1 mL) of the 

274 sample (LN) was collected, filtered through nylon syringe filter (0.45 μm) and analyzed 

275 quantitatively using Gas chromatography-micro-cell electron capture detector (GC-µECD). The 

276 details of this method are provided in Text S1. The influence of peroxymonosulfate (HSO5
−), 

277 (source of •OH and SO₄•⁻) on the photocatalytic activity was also explored. Additionally, the 

278 effects of various operational parameters including catalyst amount (5–20 mg), contaminant 

279 concentration (200-1000 µg/L), HSO5
− concentration (0.1–2 mM) and solution pH (acidic, 

280 neutral and basic) were thoroughly examined.

281 The degradation products (DPs) were qualitatively examined using gas chromatography–

282 mass spectrometry (GC-MS; QP-2010 Plus, Shimadzu, Japan). For mechanistic approach, the 

283 ROS involved in the degradation process were detected via scavenger studies using 

284 benzoquinone (BQ), silver nitrate (AgNO₃), tertiary butyl alcohol (TBA) and ethanol (EtOH), 

285 each added at a concentration of 5 mM. Reusability tests were performed to evaluate the long-

286 term stability and durability of the synthesized photocatalytic materials. At the end of each 
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287 degradation cycle, the photocatalyst was recovered by centrifugation, washed carefully with 

288 distilled water and ethanol and ultimately vacuum dried at 80 °C.

289 2.7. Photocatalytic degradation of LN in different water systems 

290 To assess the practical applicability of the synthesized photocatalysts, degradation 

291 experiments were further extended to different water matrices, including distilled water (DW), 

292 tap water (TW), synthetic wastewater (SW) and industrial water (IW) samples. The industrial 

293 water sample was collected from Stanley Pharmaceutical Company, Hayatabad Peshawar. The 

294 sample was filtered before use and utilized as such without further processing. The detailed 

295 chemical composition of these samples is provided in Table S1. 

296 2.8. Assessment of acute and chronic toxicity

297 The potential toxicity of the by-products was evaluated using the Ecological Structure 

298 Activity Relationships (ECOSAR) predictive software. The details are provided in Text S2. 

299 2.9. Assessment of antimicrobial properties  

300 The antimicrobial activities of the synthesized materials were investigated using Agar well 

301 diffusion method. The details are provided in Text S3.

302 2.10. Solar-Light-Induced Hydrogen Evolution over CB30 Photocatalyst

303 Photocatalytic hydrogen (H2) evolution tests were achieved in a custom-fabricated 

304 500 mL Pyrex photo reactor sealed with a rubber septum. About 40 mg of CB30 was dispersed in 

305 120 mL of an aqueous methanol solution (20 % methanol and 80% distilled water), wherein 

306 methanol acted as a sacrificial agent for effective hole (h+) scavenging. Prior to irradiation, the 

307 reaction system was purged with high-purity N2 gas for 30 min to ensure complete removal of 

308 dissolved oxygen. Xenon lamp (55 W), positioned 15 cm above the reactor, served as the 

309 irradiation source. The reaction suspension was continuously stirred during the experiment, 

310 while an integrated exhaust fan dissipated excess heat to maintain the system temperature close 

311 to 25 °C. At specified time intervals (6, 9 and 12 hrs), the gas sample was collected from the 

312 reactor headspace using a gas-tight syringe and stored in gas sampling bag (HBD-0.5L, 
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313 16×18cm). Quantitative analysis of the hydrogen gas was performed using a gas chromatograph 

314 (GC-2010 Pro, Shimadzu, Kyoto, Japan) equipped with a thermal conductivity detector (TCD) 

315 and an RT-MSSA column (30 m, 0.32 mm ID, 30 µm film thickness), with high-purity N₂ 

316 employed as the carrier gas. The external quantum efficiency (EQE) was also evaluated under 

317 identical photocatalytic conditions using monochromatic Xe lamp irradiation centered at 490 nm 

318 (± 20 nm). The EQE was calculated using the following equation (Eq. 8) 18. 

319 EQE (%) =  Number of reacted electrons
Number of incident photons

× 100 (8) 

320 3. Results and Discussions

321 3.1. Characterization of as-synthesized materials

322 The morphological and microstructural analysis of the synthesized materials was 

323 performed using SEM analysis. Fig. 1 represents the SEM analysis as-synthesized CeSnO3 and 

324 different percent CeSnO3/Bi2S3 Perovskite-based heterojunctions (CB5-CB40). The SEM 

325 analysis of CeSnO3 revealed the different irregular size crystals. The particles are widely 

326 distributed with some agglomeration can also be seen (Fig. 1 (A)). The average particle size was 

327 observed to be 3.8 µm (Fig. 1 (A), inset). The SEM images of CeSnO3/Bi2S3 Perovskite-based 

328 heterojunctions (CB5-CB40) exhibited the presence of both CeSnO3 (yellow encircled) and 

329 Bi2S3 (red encircled) nanoparticles (Fig. 1 (B-F)). In CB5 (Fig. 1 (B)), the coexistence of both 

330 CeSnO₃ and Bi₂S₃ phases is evident, where CeSnO₃ appears more dominant due to its higher 

331 concentration. The CeSnO₃ crystallites exhibit irregular, porous aggregates intimately anchored 

332 onto Bi2S3 surfaces, indicating the initiation of interfacial contact between the two components, 

333 with an average particle size of 4.6 µm. Furthermore, the interaction between both the phases 

334 becomes more prominent upon increasing the content of Bi2S3 beyond 5%. Fig. 1 (C) showed 

335 spongy type morphology for CB10 with compact Bi2S3 crystals can also be observed. In case of 

336 CB20 the interfacial adhesion got improved that results in increasing particle size from 5.1 µm 

337 (for CB10) to 5.6 µm (Fig. 1 (D). The increase in particle size suggests the enhanced 

338 heterojunction formation in case of CB20.  Similarly, the SEM image of CB30 (Fig. 1 (E)) 

339 clearly shows that the spongy type particles of CeSnO3 (yellow encircled) are attached with the 

340 grayish sheets of Bi2S3 (red encircled). It can be observed that the particles of CeSnO3 have 
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341 successfully formed heterojunction with the sheets of Bi2S3 with minimum agglomeration. The 

342 average particle size calculated for CB3O was found to be 6.1 µm. In contrast, excessive Bi2S3 

343 incorporation in CB40 (Fig. 1 (F)) resulted in compact stacking, pronounced agglomeration, and 

344 reduced porosity with average particle size of 6.4 µm, that may limit the accessibility of active 

345 sites and inhibit the charge mobility. These observations confirm that the controlled integration 

346 of Bi₂S₃ up to 30 wt% yields an ideal highly porous microstructural arrangement, promoting 

347 effective heterojunction formation and superior photocatalytic activity in the CB30 sample.

348 The elemental composition and distribution of the synthesized materials was studied 

349 using Energy Dispersive X-ray spectroscopy (EDX) and Elemental Mapping techniques. Fig. 2 

350 (A) and 2 (B) shows the EDX spectra of CeSnO3 and CB30 respectively. The characteristic 

351 peaks of Ce, Sn and O can be observed in CeSnO3. In case of CB30 the additional peaks for Bi 

352 and S can also be observed that belong to Bi2S3 in CB30 heterojunction. The observed C peak in 

353 both CeSnO3 and CB30 likely arises from the instrumental contamination, carbon tape used 

354 during sample preparation, or it might be attributed to some other carbon containing impurities in 

355 the samples. The atomic and mass percentages of the elements are aligned with the 

356 stoichiometric calculations (Fig. 2 (A) and 2 (B), inset). Furthermore, the mapping results 

357 provided with both CeSnO3 and CB30 showed the uniform distribution of particles in both 

358 CeSnO3 (Fig. 2 (A) (A-C)) and CB30 (Fig. 2 (B) (A-E)), indicating the successful synthesis and 

359 uniform elemental distribution. The observed uniformity in particle distribution, revealed by 

360 elemental mapping indicates a well-dispersed microstructure in both CeSnO3 and CB30 

361 perovskite-based heterojunction. 

362 Fig. 3 (A) shows the TEM analysis of as-synthesized CB30 that reveals different 

363 morphologies for both CeSnO3 (red encircled) and Bi2S3 (green encircled). The CeSnO3 

364 counterpart of CB30 exhibits honeycomb-like structure with porous nature. Similarly, the TEM 

365 results showed the rod-like morphology for the synthesized Bi2S3 material. The TEM results 

366 showed that the CeSnO3 particles are attached with the surface of Bi2S3. The existence of both 

367 CeSnO3 and Bi2S3 confirms the successful synthesis of porous perovskite-based heterojunction 

368 (CB30). Elemental analysis of CB30 (Fig. 3 (B)), validates the existence of bismuth (Bi), cerium 

369 (Ce), tin (Sn), sulfur (S) and oxygen (O), that corresponds to the composition of CB30. 

370 Moreover, the uniform distribution of these elements in their corresponding mapping results 
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371 suggests good compositional homogeneity. The porous nature of CeSnO3 may enhance the 

372 surface reactivity, while the rod-shaped crystals of Bi2S3 could facilitate the charge transport. 

373 Furthermore, the close contact between the CeSnO3 and Bi2S3 in CB30 as evidenced by TEM, 

374 may enable the charge dynamics in CB30. Thus, the synthesized perovskite-based heterojunction 

375 (CB30) may lead to improved performance in various applications especially in the field of 

376 wastewater treatment.

377 The High-Resolution Transmission Electron Microscopy (HRTEM) and Selected Area 

378 Electron Diffraction (SAED) assessment of CB30 are depicted in Fig. 4. The HRTEM analysis 

379 of CB30 (Fig. 4 (a)), reveals a complex nanostructure with multiple crystalline phases. Various 

380 lattice fringes correspond to CeSnO3, Bi2S3, CeO2 and SnO2 can be clearly seen. The high-

381 resolution views of the specific regions in HRTEM can also be observed in Fig. 4 (b, d, f and h), 

382 highlighting the lattice fringes of different crystalline phases for CeSnO3, Bi2S3, CeO2 and SnO2 

383 respectively. The corresponding inverse FFT images in Fig. 4 (c, e, g and i), further confirmed 

384 the presence of these phases and provided insight into their crystal structures. The d-spacing 

385 calculated from HRTEM were found to be 0.38 nm corresponding to 130 plane of Bi2S3, 0.335 

386 nm agreeing to 110 plane of SnO2, 0.31 nm matching to 111 plane of CeO2 and 0.365 nm for 

387 CeSnO3 respectively 19-21. Fig. 4 (j) shows the SAED pattern of CB30. The image shows a ring 

388 pattern with multiple diffraction rings, indicating a polycrystalline material. The observed rings 

389 are indexed to specific crystal planes. The 130 ring (green encircled) corresponds to Bi2S3. The 

390 second ring (red encircled) is assigned to CeSnO3. The 110 ring (brown encircled) is assigned to 

391 SnO2. Similarly, the 111 ring (yellow encircled) corresponds to CeO2 respectively. The red 

392 circled second ring may correspond to the perovskite CeSnO3 respectively. The observed CeO2 

393 and SnO phases in HRTEM and SAED also agree with the XRD results. The formation of 

394 heterojunction between CeSnO3 and Bi2S3 may result in enhanced interfacial charge transfer and 

395 separation. This may result in improving the material’s effectiveness in different applications, 

396 especially in the field of wastewater treatment and energy production.

397 The XRD analysis of as-synthesized CeSnO3, Bi2S3 and CeSnO3/Bi2S3 perovskite-based 

398 heterojunctions (CB5-CB40) is depicted in Fig. 5. In case of Bi2S3, the characteristic peaks are 

399 observed at 2θ values of 11.3, 17.9, 22.3, 24.9, 28.7, 31.9, 33.4, 45.6, 46.6 and 51.2o corresponds 

400 to the (110), (120), (220), (130), (211), (221), (311), (501), (501) and (222) planes respectively 
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401 22. The peak positions and their corresponding hkl values match well with the standard JCPDS 

402 Card No. 17-0320 22, confirmed the orthorhombic crystal structure of Bi2S3. The presence of 

403 sharp peaks indicates good crystallinity of the synthesized material. For CeSnO3, the XRD 

404 patterns show the characteristic peaks at 33.1, 47.5, 56.4, 69.4 and 79o, confirmed the successful 

405 formation of CeSnO3. Furthermore, the XRD spectrum also shows the presence of some 

406 secondary phases such as, CeO2, (peaks at 28.5 and 76.7o matching the JCPDS: 34-0394), SnO2 

407 (peaks at 26.6, 38 and 51.9o matching the JCPDS: 41-1445) and SnO (peaks at 29.7 and 31.9o 

408 matching the JCPDS: 06-0395) 23. The presence of these oxides suggests that some Ce and Sn 

409 ions do not incorporate into the perovskite CeSnO3 structure, hence results in the creation of 

410 these secondary oxide phases 23. Compared to bare CeSnO3 and Bi2S3 the XRD patterns of all the 

411 heterojunctions (CB5-CB40) possess the representative peaks of both CeSnO3 and Bi2S3 

412 revealed the successful formation of heterojunctions 5. Certain peaks from the individual phases 

413 such as peaks at 28.5o of CeO2, 29.7 and 31.9o of SnO and the corresponding peaks of  Bi2S3 at 

414 11.3, 17.9, 22.3, 24.9 are not visible in the heterojunction materials, that might be due to the 

415 overlapping of peaks, change in crystal structure or reduced crystallinity 24. Moreover, the result 

416 clearly shows that the characteristics peaks of Bi2S3 become more prominent with increasing the 

417 Bi2S3 concentration in the heterojunction materials. Furthermore, Fig. 5 shows that the intensity 

418 of the representative peaks of the secondary phases (CeO₂, SnO and SnO₂) gradually decreases 

419 with increasing Bi₂S₃ concentration in the heterojunction. In the bare CeSnO₃ sample, weak 

420 reflections corresponding to these minor oxide species are observed along with the main CeSnO₃ 

421 phase. However, after forming the CeSnO₃/Bi2S3 heterojunction, the oxide peaks significantly 

422 diminish, and in the optimized CB30 sample, only a very weak SnO₂ peak is detected. This 

423 behavior can be attributed to strong interfacial coupling, surface coverage effects, suppression of 

424 secondary crystallization and improved phase stability within the heterostructure, indicating that 

425 the heterojunction is primarily composed of CeSnO₃ and Bi₂S₃ phases 25. The aforementioned 

426 XRD results are consistent with the HRTEM and SAED results. The successful formation of the 

427 heterojunction is anticipated to improve the material’s light harvesting properties due to the 

428 synergistic effects between the CeSnO3 and Bi2S3 in the heterojunction system.

429
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430 Fourier Transform Infrared spectroscopy (FTIR) was performed to study the chemical 

431 composition and the presence of various types of functional groups associated with synthesized 

432 materials. Fig. 6 represents the FTIR spectra of as-synthesized CeSnO3, Bi2S3 and CB30 

433 respectively. The broad absorption peaks observed in the region around 3619–3149 cm-1 is 

434 credited to the stretching vibration of O-H at the material surface 26. Similarly, the small 

435 absorption peaks in the range of 1700–1570 cm-1 is due to the bending vibrations of H-O-H, 

436 confirming the adsorbed water molecules 27. In case of CeSnO3, the small absorption peak 

437 around 1280 cm-1, is ascribed to the presence of CO3
2− likely to be formed by the reaction of 

438 atmospheric CO2 and NH4OH during material synthesis 28. Similarly, the broad absorption in the 

439 range of 1206–930 cm-1, is due the presence of SO4
2− stretching vibrations suggesting residual 

440 sulfate ions from the precursor Ce(SO4)2·4H2O 29. The absorption band at 665 and 646 cm−1 is 

441 assigned to metal–oxygen lattice vibrations (O–Sn–O/ M–O–M type modes) consistent with 

442 formation of the Ce–Sn perovskite framework 30. Furthermore, the peak at 597 cm−1 is ascribed 

443 to the stretching vibration of Ce-O and Sn-O. The presence of these confirms the formation of 

444 SnO2 and CeO2 
31. The FTIR spectrum of Bi2S3 showed the broad absorption peak at 1470–1230  

445 cm-1 corresponds to the presence of NO3¯ ions from the precursor Bi(NO3)2.5H2O 32. The 

446 absorption peaks at 1130–990 cm−1 might corresponds to S-O stretching modes over the material 

447 surface 33. Similarly, the absorption peak at 813 cm-1 is likely associated to the Bi-O vibration 

448 that confirms small amount of Bi oxidation in the material 34. Moreover, the absorption peaks at 

449 726 and 554 cm-1 is due to the Bi-S stretching vibration hence, proved the successful synthesis of 

450 Bi2S3 35. 

451 The FTIR spectra of heterojunctions (CB5-CB40), shows the weak residual bands that 

452 correspond to minor surface impurities originally present in the bare CeSnO3 and Bi2S3, but the 

453 intensities of these impurity bands are markedly reduced after heterojunction formation. This 

454 attenuation might be due to the following possible reasons (i) surface washing and removal of 

455 loosely bound adsorbates during post-synthetic purification, (ii) physical coverage/dilution of 

456 impurity sites by the deposited secondary phase and (iii) strong interfacial chemical coupling and 

457 lattice reorganization at the CeSnO3/Bi2S3 interface that modifies the local vibrational 

458 environment and suppresses defect/impurity modes 36. Similarly, the result shows that upon 

459 formation of the CeSnO3/Bi2S3 heterojunction, instead of retaining the individual peaks of 

460 CeSnO3 and Bi2S3, a single broad and intense peak appeared between 780–400 cm⁻¹. This 
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461 behavior suggests strong interfacial interactions and chemical bonding between CeSnO3 and 

462 Bi₂S₃ during the heterojunction formation. The merging and shift of the peaks imply the 

463 generation of new metal–oxygen–sulfur (M–O–S) linkages and lattice distortion due to the close 

464 coupling of the two phases. Such changes are commonly reported in heterojunction systems, 

465 where the formation of a chemical interface alters the local vibrational environment 22. 

466 The N₂ adsorption–desorption isotherms and BJH pore-size distributions of CeSnO3 and 

467 the corresponding perovskite-based heterojunctions (CB5–CB40), exhibits a type IV isotherm 

468 with an H3-type hysteresis loop according to the IUPAC classification 37, indicating the presence 

469 of mesoporous structures with slit-shaped pores. Such pore characteristics are typically 

470 associated with the aggregation of plate-like particles or layered nanostructures in the 

471 CeSnO₃/Bi₂S₃ heterojunction (Fig. 7 (A-F)). Table S1 provides details regarding the specific 

472 surface area, pore diameter and pore volume of the synthesized materials. Pristine CeSnO₃ (Fig. 

473 7 (A)) shows a relatively low BET surface area of 16.4 m2 g−1, a pore diameter of 6.27 nm and a 

474 pore volume of 0.105 cm3 g−1, reflecting its compact and less porous microstructure. With the 

475 introduction of Bi2S3, a remarkable improvement in textural characteristics was observed. Fig. 7 

476 (B) shows the significant enhancement in surface area of CB5 (60.9 m2 g−1) with the observed 

477 pore diameter and pore volume of 4.18 nm and 0.337 cm3 g-1 respectively. The significant 

478 increase in surface area indicates the formation of more favorable mesoporous structure. In case 

479 of CB10 and CB20 (Fig. 7 (C) and (D)) the mesoporous nature further improved with continuous 

480 enhancement in surface area of 72.3 and 81.0 m2 g−1 for CB10 and CB20 respectively. For CB10 

481 and CB20, the pore diameter and pore volume were found to be 3.95 nm and 0.323 cm3 g-1 and 

482 3.92 nm and 0.311 cm3 g-1 respectively. The observed increase in surface area upon increasing 

483 the concentration of Bi2S3 suggests the formation of additional adsorption sites/channels in 

484 heterojunction materials as observed in SEM images. The BET analysis of CB30 (Fig. 7 (E)) 

485 showed further improvement in the surface area (85.0 m2 g-1) accompanied by an average pore 

486 diameter and pore volume of 3.41 nm and 0.284 cm3 g-1 respectively.  Among all the synthesized 

487 materials the highest surface area (85.0 m2 g-1) was achieved at this composition that reflects the 

488 optimized and the most suitable composition for heterojunction formation. However, further 

489 increasing the Bi2S3 content beyond 30%, a significant reduction in the BET surface area was 

490 observed. Fig. 7 (F) showed a BET surface area of 17.9 m2 g-1 for CB40 with the corresponding 
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491 pore diameter and pore volume of 6.78 nm and 0.258 cm3 g-1
 respectively.  This drastic reduction 

492 in surface area is attributed to the particles agglomeration and non-uniform distribution of the 

493 individual components of the heterojunction. These results are in good agreements with the SEM 

494 results where agglomeration can clearly be observed. Overall, these finding revealed the CB30 as 

495 the most significant heterojunction with enhanced surface area making it a superior catalyst for 

496 simultaneous wastewater and energy production applications.

497 X-ray photoelectron spectroscopy (XPS) of the as-synthesized CB30 heterojunction was 

498 carried out before and after light illumination in order to study the surface chemical composition, 

499 occurrence of various chemical states and the photocatalytic stability of as-synthesized CB30 

500 heterojunction (Fig. 8 and Fig. S2). The XPS full length spectra of CB30 before and after 

501 illuminations showed identical results and confirmed the presence of all elements (Ce, Sn, O, Bi 

502 and S) in both the samples (before and after light illuminations) (Fig. 8 (A) and Fig. S2 (A)). 

503 These results confirmed the excellent stability of the synthesized material under light 

504 illuminations that is the crucial factor in the field of wastewater treatment and energy production. 

505 Furthermore, the high resolution XPS analysis of the individual elements was carried out in order 

506 to study the light-induced chemical changes in as-synthesized CB30 heterojunction (Fig. 8 (B-F) 

507 and Fig. S2 (B-F)). Precise attention was given to the cerium redox states (Ce3+/Ce4+) and the 

508 presence of oxygen vacancies in as-synthesized CB30 heterojunction. Moreover, the XPS results 

509 of certain elements (Ce, Sn and S) showed slight increase in binding energies after light 

510 illuminations. This positive shift in binding energies is due to the photo-induced charge 

511 redistribution 38 in CeSnO₃/Bi₂S₃ heterojunction. Overall, the formation and migration of charge 

512 carriers, with dynamic Ce3+/Ce4+ redox transition together with oxygen-vacancy-related defect 

513 states, modify the  electronic environment of surface atoms, resulting in a slight positive shift of 

514 binding energies for these elements (Ce, Sn and S) 39, 40.

515 The high resolution XPS analysis of the Ce 3d region in the as-synthesized CB30 

516 heterojunction was performed to evaluate the various oxidation states of the Ce in the given 

517 sample. Moreover, the analysis was performed both, before and after light illuminations in order 

518 to determine the photo-induced chemical changes in cerium species. Fig. 8 (B) shows that before 

519 illumination the Ce 3d5/2 spectrum could be deconvoluted into three different characteristic 

520 peaks. The first two peaks at 880.0 eV  (63.55%) and 885.0 eV (20.80%) are attributed to Ce3+ 
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521 ions while the third low intensity peak at a binding energy of 888.0 eV (15.65%) is assigned to 

522 Ce4+ respectively. Overall, the surface is dominated by the reduced Ce3+ ions (84.35%). This 

523 indicates the defect-rich perovskite with copious electron donor regions (Ce3+) and vacancies 

524 assisted Ce3+ species. Such environment is highly beneficial for electronic transport and efficient 

525 charge separation in cerium based compounds.

526 Fig. S2 (B) showed a noticeable change in the Ce 3d after illuminations. After light illumination 

527 the dominant peak at 880.0 eV (before illumination) shifted to 882.0 eV (76.74%) and was 

528 assigned to Ce4+ species in the perovskite system. The intensity of the second peak at 885.0 eV 

529 also got decreased (3.97%). Also, a positive shift in the third peak was observed i.e., shifted from 

530 888.0 eV to 888.6 eV. The peak at a binding energy of 888.6 eV (19.29%) is assigned to Ce4+ 

531 oxidation state. The quantitative analysis showed that Ce4+ became dominated after light 

532 illumination. The significant transformation of Ce3+→Ce4+ upon light illuminations showed the 

533 photo-induced oxidation of Ce3+ ions that confirmed the active participation of cerium redox 

534 centers during the photocatalytic process. Furthermore, the oxidation of Ce3+ to Ce4+ shows 

535 efficient formation of photogenerated electrons in the CeSnO3 system upon light illuminations. 

536 This results in the formation of an internal electric field in the heterojunction system and thus 

537 supports the proposed S-scheme charge transfer mechanism in CeSnO3/Bi2S3 heterojunction. In 

538 the given system, the Ce3+ sites act as electron reservoirs and its conversion to Ce4+ ions revealed 

539 the effective charge migration and inhibition in electron-whole pair (e-/h+) recombination. More 

540 importantly, the reversible Ce3+/Ce4+ transition suggests that cerium ions remain redox-active 

541 and recyclable within the perovskite lattice. This redox flexibility contributes to stable long-term 

542 photocatalytic activity by enabling continuous regeneration of active sites, which in turn 

543 enhances photocatalytic degradation, antimicrobial efficiency and solar driven hydrogen 

544 evolution. In addition, the combined effect of Ce3+/Ce4+ redox cycling and effective interfacial 

545 charge separation is a key factor behind the enhanced multifunctional performance of the CB30 

546 heterojunction system 41, 42.

547 For Sn 3d, the XPS high resolution spectrum showed two distinct peaks at binding 

548 energies of 486.1 eV and 494.5 eV. These peaks are assigned to Sn 3d5/2 and Sn 3d3/2 spin-orbit 

549 component of tin respectively (Fig. 8 (C)). Moreover, the occurrence of the peaks at the 

550 corresponding positions confirmed that tin exists in Sn2+ state consistent with CeSnO3 perovskite 
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551 structure. Quantitative analysis further confirmed that Sn 3d5/2 contributes 60.7% and the Sn 

552 3d3/2 contributes 39.3% that are in good agreement with the spin-orbit intensity ratio. These 

553 quantitative contributions further confirmed the stability of Sn2+ ions in the perovskite lattice 43.

554 The Sn 3d spectrum showed almost similar spectrum after light illuminations. After light 

555 illumination both the peaks (486.1 eV and 494.5 eV) showed a minute shift to the higher binding 

556 energy (~0.1 eV). After light illuminations the peaks appeared at 486.2 and 494.6 eV 

557 respectively (Fig. S2 (C)).  This small amount of shift towards the higher binding energies 

558 indicated the enhanced stability of Sn under light illuminations. The quantitative analysis 

559 confirmed that after light illumination the peaks at 486.2 eV contributes 61.4% while the second 

560 peak at 494.6 eV contributes 38.6%, further confirmed that the electronic environment of Sn 

561 largely remains unaffected upon light exposure. Additionally, after light illuminations no extra 

562 peaks was observed showing that Sn retains its Sn2+ state, ultimately showing it’s good chemical 

563 stability during the photocatalytic process. These results confirmed that unlike cerium (Ce), the 

564 tin (Sn) does not participate actively in redox recycling but remains stable component of the 

565 perovskite lattice. In the context of CeSnO3/Bi2S3 heterojunction, upon light illuminations the 

566 photogenerated holes (h+) in CeSnO3 counter part of heterojunction are predominantly regulated 

567 by Ce3+/Ce4+ redox couple while, the Sn2+ facilitate charge separation and provides structure 

568 stability to the perovskite lattice.

569 In case of O 1s, three distinct peaks were observed in the high resolution XPS spectrum 

570 (Fig. 8 (D)). The first peak at 529.2 eV (48.62%) is attributed to the lattice oxygen (OL), the 

571 second peak at 530.6 eV (34.91%) is assigned to oxygen vacancies (OV) while the third peak at 

572 binding energy value of 532.1 eV (16.47%) is assigned to surface adsorbed oxygen (O_ads), 

573 respectively. The major contribution from OL confirmed a precise metal-oxygen bonding in 

574 CeSnO3 perovskite and the related oxide phase as confirmed from XRD, FTIR and HRTEM, 

575 showing the structural integrity of the synthesized material. Furthermore, the presence 

576 appreciable amount of OV (34.91%) revealed the inherently defect structure of the heterojunction 

577 material. The observed OV results from imbalance charging that arise from different redox states 

578 of Ce ions (Ce3+/C4+). These OV play crucial role in charge carrier separation (e-/h+), surface 

579 reactivity and adsorption of species, hence enhanced the photocatalytic efficiency. Besides the 
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580 OL and OV, the O_ads (16.47%) also an important role by actively participating in surface redox 

581 reactions 44.

582 Fig. S2 (D) shows the XPS high resolution spectrum of O 1s after light illuminations. The result 

583 clearly shows modification in O 1s spectrum upon light illuminations. The concentration of OV 

584 significantly increased to 71.26% while the concentration of OL reduced to 14.83% of the total 

585 oxygen. The result demonstrates the significant production of OV upon light illuminations inside 

586 the heterojunction. Similarly, the reduction in OL concentration after light illuminations revealed 

587 the activations of lattice oxygen and weakening of metal-oxygen network in perovskite system 

588 that is in close conjugation with the oxidation of Ce3+ to Ce4+ as observed in Ce 3d XPS 

589 spectrum. Furthermore, the nearly same contribution from O_ads (13.91%) after illuminations 

590 revealed the involvement of these species in surface reactions being largely unaffected. 

591 Interestingly the enhancement in OV upon light illumination strongly supports the redox 

592 recycling of Ce3+ and Ce4+ in the perovskite system in which photogenerated holes on the 

593 CeSnO₃ side drive the oxidation of Ce³⁺, with OV forming simultaneously to preserve charge 

594 balance. The generated OV act as electron reservoir and play a significant role in 

595 peroxymonosulfate (PMS) activation and the production of reactive oxygenated species (ROS) 

596 including •OH, SO₄•⁻ and O₂•⁻.  As a result, the combined effect of OV and reversible Ce3+/Ce4+ 

597 redox cycling potentially contributes to the enhanced photocatalytic degradation, antimicrobial 

598 performance and solar-driven hydrogen evolution.

599 Fig. 8 (E) revealed the XPS high resolution spectrum of Bi 4f. Prior to light illumination 

600 the two prominent peaks were observed at binding energy of 157.2 (57.92%) and 162.6 eV 

601 (42.08%). These peaks are assigned to Bi 4f7/2 and Bi 4f5/2 respectively. The observed binding 

602 energies (157.2 and 162.6 eV) are the characteristic of Bi3+ in Bi2S3 system that further 

603 confirmed the successful introduction of Bi2S3 in the heterojunction system  45. After light 

604 illumination (Fig. S2 (E)), the main Bi 4f peaks remain nearly at the same binding energies 

605 (157.2 eV and 162.6 eV), suggesting that the bulk electronic structure of Bi₂S₃ remains largely 

606 preserved during photocatalytic excitation. However, two additional shoulder peaks emerge at 

607 158.3 eV and 163.8 eV, which are attributed to surface-oxidized bismuth species, such as Bi–O, 

608 Bi–OH, or Bi₂O₃, formed due to mild photo-induced surface oxidation. The quantitative 

609 deconvolution further reveals that, after illumination, the contribution of the original Bi₂S₃ peaks 
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610 decreases to 39.46% (157.2 eV) and 27.14% (162.6 eV), while the newly formed oxidized 

611 species account for 20.81% (158.3 eV) and 12.59% (163.8 eV) (Fig. S2 (E)) respectively. This 

612 redistribution indicates that surface oxidation is limited and does not dominate the Bi chemical 

613 environment, with the majority of Bi remaining in the sulfide state even after illumination.

614 From a mechanistic perspective, these results provide strong support for the S-scheme charge 

615 transfer mechanism. The stability of the Bi₂S₃ core peaks implies efficient electron retention in 

616 the conduction band of Bi₂S₃, while photo-generated holes preferentially accumulate in CeSnO₃, 

617 as independently confirmed by the pronounced Ce³⁺ → Ce⁴⁺ conversion and oxygen vacancy 

618 enrichment observed in Ce 3d and O 1s spectra. The minor surface oxidation of Bi₂S₃ can be 

619 viewed as a secondary interfacial phenomenon arising from reactive oxygen species generated 

620 during photocatalysis, rather than detrimental bulk oxidation.

621 The high-resolution XPS spectrum of S 2p for the CB30 heterojunction before 

622 illumination exhibits three well-defined peaks at 161.8, 162.9, and 164.0 eV, confirming the 

623 presence of sulfur species in different chemical environments (Fig. 8 (F)). The peaks at 161.8 eV 

624 (S 2p₃/₂) and 162.9 eV (S 2p₁/₂) are characteristic of sulfide ions (S²⁻) in Bi₂S₃, while the higher 

625 binding energy peak at 164.0 eV is attributed to surface-oxidized sulfur species (S–O/S–OH). 

626 Quantitative peak deconvolution reveals that the sulfide sulfur dominates the surface chemistry 

627 prior to illumination, with percentage contributions of 46.87% (161.8 eV) and 38.42% (162.9 

628 eV), giving a total S²⁻ contribution of 85.29% (Fig. 8 (F)). Compared to sulfide sulfur (S²), the 

629 surface oxidized sulfur only contributes 14.71% to the total sulfur content that revealed small 

630 amount of oxidation which in turn proved the structural stability of Bi2S3 in the heterojunction 

631 system 45.

632 Fig. S2 (F) showed a small positive shift in all peaks of S 2p upon light illuminations. After light 

633 illumination the corresponding peaks were found to be at 162.5 eV (43.56%), 163.5 eV (38.94%) 

634 and 164.6 eV (17.50%) respectively. Furthermore, it was observed that the concentration of 

635 sulfide sulfur slightly decreased (85.28% → 82.50%) while the concentration of oxidized sulfur 

636 increased (14.71% → 17.50%) upon light illuminations. These small modifications suggest that 

637 only surface oxidized sulfur participate in redox reaction while the bulk Bi2S3 remains 

638 chemically stable during the photocatalytic process. From mechanistic insight these results 
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639 strongly supports the proposed S-scheme charge transfer mechanism where the photogenerated 

640 electrons retained in the CB of Bi2S3 while the photogenerated holes in the VB of CeSnO3 

641 promote surface oxidation at the heterojunction interface.           

642 The phenomenon of electron-hole pair (e−/h+) recombination of the synthesized materials 

643 was further studied by photoluminescence (PL) recombination experiment. The result of the PL 

644 recombination experiment is depicted in Fig. S3 (A). The PL recombination experiment showed 

645 significant variations in electron-hole pair recombination rates among the synthesized samples. 

646 The high intensity PL peak was observed for as-synthesized CeSnO3, indicating the rapid 

647 recombination of e−/h+ in the synthesized sample. In contrast, the different heterojunctions (CB5-

648 CB40), showed the significance decrease in the PL intensities. The PL intensities decreased 

649 regularly from CB5 to CB30 and then again increased for CB40 samples. The lowest PL 

650 intensity for CB30 results in optimal charge separation and transfer in the heterojunction system. 

651 The exceptional increase in PL intensity for CB40 showed the increase recombination of e−/h+ 

652 pairs, hence decreased the photocatalytic activity of CB40. The results are in good agreement 

653 with degradation results (Fig. 9 (A)). The decreased in PL intensities might be attributed 

654 development of heterojunction, that facilitates the charge separation and transfer, hence 

655 decreasing the electron-hole pair recombination rates 17. The optimal performance of CB30 

656 compared to other photocatalysts may be ascribed to its balance composition that enables the 

657 efficient charge carries dynamic and inhibition in electron-hole pair recombination 46. These 

658 results have worthy associations for the development of effective photocatalysts.    

659 The formation of •OH through the photocatalytic procedure was confirmed by 

660 Photoluminescence analysis (PL) of the as-synthesized CeSnO3, Bi2S3 and CB30 using 

661 terephthalic acid (TA) as a probe molecule. The results of PL analysis are depicted in Fig. S3 

662 (B). The PL spectra of TA probe molecule revealed significant enhancement in •OH formation in 

663 CB30 heterojunction, as evidenced by the increased PL intensity at approximately 425-430 nm. 

664 The interaction of light with the synthesized materials results in the formation of •OH. The 

665 generated •OH react with TA molecules and results in the formation of 2-hydroxyterephthalic 

666 acid (HTA) 5 that exhibits a characteristic PL peak in the given wavelength range (Eq. 1-6). The 

667 formation of •OH followed the order of; CB30 > Bi2S3 > CeSnO3 showing a synergistic effect in 

668 the CB30 heterojunction enabling the efficient charge separation and transfer. The enhanced •OH 
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669 formation in CB30 might be attributed to the enhanced e−/h+ pair separation and generation of 

670 efficient amount of ROS. The PL results suggest the use of CB30 heterojunction as a superior 

671 photocatalyst, making it a promising material to be used in wastewater treatment.

672 The charge transfer resistance and the re-association rate of charge carriers were further 

673 evaluated by electrochemical impedance spectroscopy (EIS). Fig. S3 (C) shows the EIS spectra 

674 of as-synthesized CeSnO3 and the different weight percent perovskite-based heterojunctions 

675 (CB5-CB40), respectively. As shown in Fig. S3 (C), each sample exhibits a characteristic 

676 semicircle whose diameter reflects the charge-transfer resistance (R_ct) at the electrode–

677 electrolyte interface. Among the different samples the bare CeSnO3 possess the highest 

678 semicircle, revealing the maximum R_ct that is attributed to the limited electrical conductivity 

679 and fast electron-hole pair (e-/h+) recombination in CeSnO3 system. Furthermore, the progressive 

680 decline in R_ct was observed upon the incorporation of Bi2S3 in the CeSnO3 system that 

681 demonstrates the enhance charge mobility and suppression in electron-hole pair (e-/h+) 

682 recombination. Among different heterojunction the smallest semi-circle was observed for 

683 synthesized CB30. This clearly confirms its superior interfacial charge transport capability and 

684 the most efficient separation of photogenerated e−/h+. The improved conductivity and rapid 

685 electron migration in CB30 compared to other photocatalysts (CeSnO3, CB5, CB10, CB20 and 

686 CB40) is attributed to its optimized heterojunction structure, balanced composition and well-

687 developed surface characteristics. These synergistic features account for its exceptional 

688 photocatalytic activity. A further increase in Bi2S3 loading (CB40) results in a slight increase in 

689 R_ct compared to CB30, likely due to excess Bi2S3 blocking active sites and hindering charge 

690 movement. These results provide valuable insights into the electrochemical behavior of the 

691 synthesized photocatalytic materials, highlights the benefits of as-synthesized CB30 perovskite-

692 based heterojunction in suppressing the recombination of the generated electron-hole pairs and 

693 enhancing its photocatalytic performance in the field of wastewater treatment. Furthermore, the 

694 Nyquist plot of the CB30 electrode (Fig. S4), fitted using the Rs–(C∥Rp)–Ws equivalent circuit, 

695 showed a characteristic semicircular arc followed by an inclined Warburg tail, revealing charge-

696 transfer resistance coupled with diffusion-controlled mass transport. Where “Rs” is solution 

697 resistance, “Rp” is the polarization resistance, “C” is the capacitance and “Ws” is the Warburg 

698 impedance of CB30. The corresponding values of the circuit elements, Rs, C, Rp and Ws are 
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699 provided in Table 2. The close overlap between the experimental and simulated impedance 

700 responses confirms the suitability of the selected model in perfectly describing the interfacial 

701 electrochemical processes. This behavior shows efficient ionic conduction and balanced charge-

702 transfer kinetics within the electrode–electrolyte interface, highlighting the robust 

703 electrochemical performance of the CB30 system. 

704 The optical properties of the as-synthesized CeSnO3, Bi2S3 and CB30 were studied using 

705 UV–vis diffuse reflectance spectroscopy (UV–vis DRS), and the corresponding bandgap 

706 energies (Eg) of these materials were determined using Tauc equation 5 (Eq. 9).

707 (αhv)1/n = A (hv ― Eg) (9)

708 Where “𝐴” is constant, “ℎ” is the plank’s constant, “𝐸𝑔” is the band gap energy, “1/𝑛” equals to 

709 ½ for the allowed direct transition. The “𝛼” is the absorption coefficient that can be obtained 

710 from Kubelka-Munk equation as follows (Eq. 10).

711 F(R) =  (1―R)2

2R
=  k

s
(10)

712 Where “R” represents the absolute reflectance of the synthesized materials, “k” is the molar 

713 absorption coefficient and “s” is the scattering coefficient. The obtained diffuse reflectance 

714 spectrum is converted to Kubelka-Munk function (F(R)) that is equivalent to the absorption 

715 coefficient (α). Thus, the left side of Eq. 10 was modified as; (F(R)hv)1/n and plotted against 

716 the photon energy (hv). The corresponding spectra of the synthesized materials were 

717 extrapolated at x-axis and obtained the band gap energy (Eg) of the synthesized materials.

718 Fig. S3 (D) shows the band gap of 2.86 eV for CeSnO3, 1.33 eV for Bi2S3 and 1.42 eV 

719 for the CB30 heterojunction respectively. The bandgap energies of these materials confirmed 

720 their semiconductor nature, with the heterojunction exhibiting an intermediate bandgap energy 

721 value. The Eg of the CeSnO3 significantly decreased from 2.86 eV to 1.42 eV upon the 

722 incorporation of Bi2S3 in CeSnO3 system. The reduction in Eg values of CB30 compared to 

723 CeSnO3 implies improved solar light absorption, potentially improving its photocatalytic 

724 performance towards the degradation of LN in aquatic media. These results highlight the 
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725 importance of bandgap engineering in improving optical features and offer insightful information 

726 about potential applications of CB30.

727 The charge mobility and separation ability of the as-synthesized materials were further supported 

728 by transient photocurrent measurement. Fig. S5 shows the photocurrent response of as-

729 synthesized CeSnO3, CB10, CB20, CB30 and CB40 heterojunctions respectively. These finding 

730 revealed that all samples showed positive response to light. A quick rise and rapid decrease in 

731 photocurrent was noticed when the light is turned ON and OFF that confirmed the reversible 

732 photo-response of the synthesized materials. From Fig. S5, a slight drop in current density can be 

733 observed within each light-on period; however, the photocurrent almost returns to its original 

734 value in the following cycles. This phenomenon shows that the slight decline in current density 

735 does not account for material degradation or structure instability under light illuminations. 

736 Instead, the observed small decline in photocurrent density arises due to temporary interfacial 

737 phenomenon such as charge build-up at the electrode–electrolyte interface 47 or the gradual 

738 stabilization of the photoelectrode surface under repeated illumination 48, 49. Among all the 

739 samples, the CB30 heterojunction shows the highest photocurrent density of 7.674 µA cm−2, 

740 which is significantly higher than those of CB10 (3.292 µA cm−2), CB20 (4.611 µA cm−2), CB40 

741 (5.821 µA cm−2) and especially pure CeSnO₃ (1.501 µA cm−2). The outstanding performance of 

742 CB30 compared to other materials is attributed to the enhance charge carrier separation and 

743 mobility upon light illuminations. Besides, the other materials show moderate response in 

744 photocurrent measurement with CeSnO3 showing the least among all materials. Overall, the 

745 photocurrent measurement revealed that CB30 formed the most efficient heterojunction making 

746 it a superior photocatalyst to be used for wastewater purification and energy production 

747 applications.

748 3.2. Solar-light-assisted photocatalytic degradation of lindane in aqueous media

749 The photocatalytic efficiency of as-synthesized CeSnO3 and the different weight percent 

750 CeSnO3/Bi2S3 perovskite-based heterojunctions was determined in terms of LN degradation in 

751 aqueous media. Furthermore, the photocatalytic degradation of LN was also evaluated by 

752 optimizing various initial parameters including catalyst optimization, pH optimization, PMS 

Page 27 of 64 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

/2
02

6 
12

:3
0:

40
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6MA00255B

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00255b


28

753 optimization, effect of different water systems and the role of reactive species towards the LN 

754 degradation were also evaluated. 

755 3.2.1. Photolysis of LN under simulated solar lamp

756 The photolysis experiment conducted under simulated solar light showed that LN 

757 exhibits significant stability against direct photodegradation, with only 0.22% degradation 

758 observed after 100 min of irradiations with the corresponding kapp of 0.00003 min-1 (Fig. S6). 

759 The enhanced stability of LN is due to its negligible solar light absorption above 290 nm 50. 

760 Overall, it is concluded that direct photolysis is not an efficient way for the degradation of LN, 

761 likely due to its stable molecular structure and the irradiation conditions being used. These 

762 findings serve as the baseline for evaluating the efficiency of alternative degradation strategies, 

763 such as photocatalytic degradation using our synthesized materials.

764 3.2.2. Photocatalytic Degradation of LN by as-synthesized CeSnO3 and CeSnO3/Bi2S3 

765 Perovskite-Based Heterojunction 

766 The photocatalytic performance of the as-synthesized CeSnO3 and its heterojunction 

767 materials, i.e., CB5-CB40 were systematically evaluated for the degradation of LN under 

768 simulated solar light irradiations in aqueous media. As illustrated in Fig. 9 (A), under simulated 

769 solar light illuminations for 100 min, about 23, 37.3, 48.62, 57.79, 59.02 and 43.07% removal of 

770 LN was observed for CeSnO3, CB5, CB10, CB20, CB30, and CB40 with kapp values of 0.0027, 

771 0.0048, 0.0067, 0.0083, 0.0092 and 0.0061 min⁻¹, correspondingly (Fig. 9 (A), inset). The 

772 superior photocatalytic activity of CB30 towards the LN degradation compared to the other 

773 materials is primarily ascribed to its high specific surface area (~85 m2/g), oxygen-vacancy-rich 

774 surface, Ce3+/Ce4+ redox recycling–assisted charge regulation, high concentration of •OH and 

775 effective suppression of e−/h+ pairs. Based on its outstanding performance, CB30 was selected as 

776 the most efficient photocatalyst for further investigations.

777 3.3. Evaluation of key operational parameters

778 3.3.1. Effect of initial catalyst loading [CB30]0
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779 Following the identification of CB30 as the most effective photocatalyst, the next 

780 objective was to determine its optimal dosage for maximum photocatalytic performance. To this 

781 end, various initial concentrations of CB30 (5–20 mg) were photocatalytically tested against 

782 targeted contaminant (LN) under simulated solar light for 100 min. As shown in Fig. 9 (B), the 

783 degradation efficiency of LN increased significantly with increasing the initial catalyst amount 

784 from 5 to 15 mg respectively. At a reaction time of 100 min, about 62.17, 66.41 and 70.71% 

785 removal was observed for 5, 10 and 15 mg with the corresponding kapp values of 0.0094, 0.0106 

786 and 0.0117 min-1 respectively (Fig. 9 (B), inset). The observed improvement in photocatalytic 

787 performance with increasing CB30 dosage up to 15 mg is credited to the availability of greater 

788 number of active surface sites, that enhance photon absorption and facilitate the generation of 

789 ROS 51. However, further increasing the catalyst dosage to 20 mg led to decline in photocatalytic 

790 activity up to 59.02% with the kₐₚₚ value of 0.0092 min-1 (Fig. 9 (B), inset). This decline might 

791 be attributed to several factors: (i) decreased light penetration due to increased turbidity (ii) 

792 agglomeration of catalyst particles at higher concentrations (iii) reduced light utilization 

793 efficiency as excess catalyst may shield active sites from light exposure 51.

794 3.3.2. Effect of initial concentration of lindane [LN]0

795 The photocatalytic performance of CB30 heterojunction was also determined by varying 

796 the initial concentration of LN in aqueous media in the range of 200-1000 µg/L. As shown in 

797 Fig. 9 (C) the photocatalytic performance of CB30 towards the LN degradation slightly 

798 decreases regularly upon increasing the initial concentration of LN in aqueous media. About 

799 75.7, 73.4, 70.7, 62.4 and 57.8% degradation was achieved with the corresponding kapp values of 

800 0.0137, 0.0127, 0.0117, 0.0095 and 0.0078 min-1 for 200, 400, 600, 800 and 1000 µg/L of LN 

801 respectively (Fig. 9 (C) and 9 (C), inset). The decrease in percent degradation upon increasing 

802 the initial concentration of LN from 200-1000 µg/L might be attributed to the following reasons; 

803 (i) saturation of active sites of photocatalyst (CB30) and competitive adsorption of large number 

804 of lindane molecules, (ii) light attenuation and reduced photon penetration, (iii) competition 

805 between the addition intermediated and the undegraded LN molecules 52.      

806

807
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808 3.3.3. Effect of initial concentration of peroxymonosulfate [HSO5
¯]0 

809 Fig. 9 (D) shows the photocatalytic degradation of LN by as-synthesized CB30 in the 

810 presence of HSO5
¯. For experimental purpose the concentration of CB30 was kept constant     

811 (15 mg) while the concentration of HSO5
¯ was varied from 0.1–2.0 mM. The results revealed 

812 that increasing the initial concentration of HSO₅⁻ from 0.1-1.5 mM caused enhancement in the 

813 % degradation of LN from 74.55% to 93.21% under simulated solar lamp for 100 min. The 

814 enhancement in the percent degradation of LN upon increasing the initial HSO5
− concentration is 

815 credited to the high concentration of reactive species (•OH and SO₄•⁻) formation that facilitate 

816 faster and more effective degradation of LN in aqueous media. However, a slight decline in 

817 degradation of LN was observed when the HSO₅⁻ concentration was further increased beyond 

818 1.5 mM. This decrease in percent degradation beyond the optimum limit (1.5 mM) might be due 

819 to the following reasons: (i) quenching of •OH and SO4
•⁻ by HSO5

¯ (ii) reaction between •OH 

820 and SO4
•⁻ (iii) reaction between •OH and •OH (iv) reaction between SO4

•⁻ and SO4
•⁻ and/or (v) 

821 decreased penetration of light 5, 53. The calculated kₐₚₚ values for LN degradation were found to 

822 be 0.0138, 0.017, 0.0207, 0.0259 and 0.0215 min-1 at HSO₅− concentrations of 0.1, 0.5, 1.0, 1.5, 

823 and 2.0 mM, respectively (Fig. 9 (D), inset).

824 Additionally, a detailed comparison of the photocatalytic performance of the synthesized catalyst 

825 with previously reported materials for lindane degradation is summarized in Table S2. 

826 3.3.4. Effect of pH of the medium on the photocatalytic performance of CB30/HSO5
¯ system 

827 The photocatalytic degradation of LN was also performed at three different pH of the 

828 medium (3.5, 6.5 and 9), and the results are depicted in Fig. 10 (A). The results revealed that 

829 CB30/HSO5
¯ worked efficiently in all media with more than 90% removal of LN within 100 min 

830 under simulated solar lamp. About, 95.67, 93.21 and 90.56% removal was achieved within 100 

831 min with the kₐₚₚ values of; 0.0303, 0.0259 and 0.0227 min−1 for pH 3.5, 6.5 and 9.0 

832 respectively (Fig. 10 (A), inset). The degradation of LN slightly favors acidic media compared 

833 to neutral and basic media that is attributed to better adsorption, efficient formation of •OH and 

834 h+ in acidic media which in turns increased its percent degradation 54. In basic media the 

835 adsorption of LN is slightly difficult due to fact that the generated •OH is scavenged by −OH 55. 

836 Hence the percent degradation slightly decreases in basic media. Overall, the CB30/HSO5
− 
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837 showed efficient degradation performance towards LN across acidic, neutral and basic media, 

838 highlighting its versatility and stability under a wide pH range. This revealed that the synthesized 

839 material possesses robust photocatalytic properties and can be effectively employed in diverse 

840 wastewater conditions without significant loss in performance.

841 3.4. Photocatalytic efficiency of CB30/HSO5
¯ in different water systems 

842 The photocatalytic activity of the CB30/HSO5
− system was further investigated in diverse 

843 water matrices, including distilled water (DW), tap water (TW), synthetic wastewater (SW) and 

844 industrial water (IW) samples. The findings showed best results for LN degradation in DW and 

845 TW compared to SW and IW samples. The degradation of LN followed the order of; DW > TW 

846 > SW >IW. In case of LN, 93.21, 91.43, 77.56 and 70.43% degradation was achieved with the 

847 corresponding kapp values of 0.0259, 0.0236, 0.0144 and 0.0121 min-1 under the simulated solar 

848 light illuminations for 100 min (Fig. 10 (B) and Fig. 10 (B), inset). The low degradation 

849 efficiency of LN in SW and IW compared DW and TW might be due the presence of some 

850 interfering species such as, HCO3
–, CO3

2–, SO4
2–, NO2

2–, Cl– etc. that decreased the efficiency of 

851 the CB30/HSO5
¯ system. These ionic species acts as scavengers for the generated reactive radical 

852 species such as •OH and SO4
•−, thus, lowers the efficiency of the degradation process (Eq. 11–

853 20) 5, 17.

854 HCO―
3 + HO∙→CO∙―

3                                     𝑘 = 8.5 × 106M―1s―1 (11)

855 HCO―
3 + SO∙―

4 →CO∙―
3 + SO2―

4 + H+        𝑘 = 3.5 × 106M―1s―1   (12)    

856 CO2―
3 + HO∙→O∙―

3 + HO―                         𝑘 = 3.9 × 108M―1s―1 (13)

857 CO2―
3 + SO∙―

4 →CO∙―
3 + SO2―

4                     𝑘 = 4.21 × 106M―1s―1 (14)

858 SO2―
4 + HO∙→SO∙―

4 + HO―                       𝑘 = 3.5 × 105M―1s―1 (15)

859 SO2―
4 + SO∙―

4 →S2O2―
8 + e―                      𝑘 = 2.71 × 105M―1s―1 (16)

860 NO2―
2 + HO∙→NO∙―

2 + HO―                     𝑘 = 8.0 × 109M―1s―1 (17)

861 NO2―
2 + SO∙―

4 →NO∙―
2 + SO2―

4                         𝑘 = 8.8 × 108M―1s―1 (18)
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862 Cl― + HO∙→CO∙―
2 + ClOH∙―                     𝑘 = 4.31 × 109M―1s―1 (19)

863 Cl― + SO∙―
4 →Cl∙ + SO2―

4                            𝑘 = 2.6 × 105M―1s―1 (20)

864

865 3.5. Identification of reactive species via scavenger study 

866 To explain the photocatalytic mechanism and identify the primary ROS responsible for 

867 the degradation of the selected contaminant (LN), the scavenger study was conducted using 

868 CB30/HSO5
− under simulated solar irradiations. Specific radical quenchers were introduced to 

869 selectively inhibit the targeted species: benzoquinone (BQ) for superoxide radicals (O2
•⁻), silver 

870 nitrate (AgNO3) for photogenerated e⁻, tertiary butyl alcohol (TBA) for •OH and ethanol (EtOH) 

871 for both •OH and SO4
•− 17, 56. Each scavenger was added at a concentration of 5 mM, while 

872 maintaining the same photocatalytic conditions. Fig. 10 (C), showed 93.2, 84.42, 64.41, 57.49 

873 and 41.10% degradation of LN for Blank, AgNO3, BQ, TBA and EtOH respectively with 

874 corresponding kapp of, 0.0259, 0.0184, 0.0095, 0.0088, and 0.0056 min−1 (Fig. 10 (C), inset). 

875 These findings revealed that that degradation of LN followed the order of; Blank > AgNO3 > BQ 

876 > TBA > EtOH. The degradation data clearly indicate that the addition of TBA and EtOH led to 

877 the most significant reduction in degradation efficiency and kinetic rates of LN, suggesting that 

878 •OH, SO₄•⁻ and O₂•⁻ play a dominant role in the photocatalytic removal of LN from aqueous 

879 media under light illuminations. The results of the scavenger study confirm that the CB30/HSO5
− 

880 photocatalytic system primarily operates through an oxidative pathway dominated by •OH, SO₄•⁻ 

881 and O₂•⁻ radicals. Furthermore, the percentage contribution of each reactive generated species 

882 towards the degradation of the LN, were calculated using Eq. 21-24. The results showed 38.7, 

883 7.3, 37.1 and 16.9% contribution of •OH, SO4
•−, O2

•− and e¯ respectively, towards the 

884 degradation of LN in aqueous media (Fig. S7).      

885 RHO∙ = 𝑘0―𝑘TBA

𝑘0
× 100% (21)

886 RSO∙―
4

= 𝑘TBA―𝑘EtOH

𝑘0
× 100% (22)
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887 RO∙―
2

= 𝑘0―𝑘BQ

𝑘0
× 100% (23)

888 Re― = 𝑘0―𝑘AgNO3
𝑘0

× 100% (24)

889 3.6. Reusability and stability of CB30 heterojunction 

890 To assess the practical applicability of as-synthesized CB30 heterojunction, its reusability 

891 and stability were assessed over five successive degradation cycles towards the photocatalytic 

892 degradation of LN under simulated solar light illuminations in aquatic media for 100 min. After 

893 each cycle, the photocatalyst was retrieved via centrifugation, washed thoroughly with distilled 

894 water and ethanol to remove surface-adsorbed residues and dried in a vacuum oven at 80 °C 

895 prior to reusing under identical experimental conditions. As shown in Fig. 10 (D), in the 

896 photocatalytic degradation of LN, the CB30 retained photocatalytic activity up to five 

897 consecutive cycles, with degradation efficiencies of 93.21, 91.96, 89.32, 88.25 and 86.12% 

898 having corresponding kapp of 0.0259, 0.0223, 0.0195, 0.0138 and 0.0124 min-1 respectively (Fig. 

899 10 (D)). The minor reduction in photocatalytic activity after each cycle is primarily attributed to 

900 catalyst surface fouling, the accumulation of intermediate degradation products that may block 

901 active sites, the reaction of intermediate chloride ions (formed during LN degradation) with 

902 reactive radical species (•OH, SO₄•⁻) caused the formation of less reactive secondary radicals 

903 species and the loss of catalytic nanoparticles after each cycle 57, 58. Overall, the results 

904 confirmed the structural robustness and operational stability of CB30 supporting its potential for 

905 repeated use in solar-driven photocatalytic wastewater treatment.

906 3.7. Analysis of LN degradation products and proposed degradation pathways

907 The photocatalytic degradation of LN was achieved using CB30/HSO5
− system. GC-MS 

908 analysis identified nine (09) degradation products (DPs) for LN in CB30/HSO5
− system. The 

909 DPs were formed during interactions of the contaminant molecules (LN) with ROS generated 

910 during photocatalytic process. The primary reactive species responsible for the degradation were 

911 •OH and SO4
•− as confirmed from the radicals scavenging experiments (Fig. 10 (C)). The SO4

•− 

912 mainly facilitated electron transfer reactions, while •OH attacked aromatic rings and functional 

913 groups, promoting bond cleavage and the formation of various intermediate species. In addition, 
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914 photogenerated electrons reduced molecular oxygen to superoxide radicals (O2
•⁻), and 

915 photogenerated holes oxidized water molecules to yield additional •OH and directly oxidize the 

916 contaminants 5. These combined effects enhanced the degradation efficiency and promoted 

917 complete mineralization of the selected contaminants. Based on the identified DPs and radicals, 

918 pathways for the photocatalytic degradation of LN were proposed in Scheme 2.

919 The degradation pathways of LN (m/z = 290), shown in Scheme 2 proceeds through 

920 three routes (P-I, P-II and P-III) under the influence of SO4
•−, •OH and O2

•⁻. In Path-I, LN 

921 undergoes dechlorination and aromatization to yield chlorobenzene derivatives DP1 (m/z = 254), 

922 which further dechlorinate to generate DP2 (m/z = 220). Path-II, initiates with dehydrogenation 

923 of LN and produces chlorobenzene intermediates DP3 (m/z = 285), which on dechlorination 

924 generates DP4 (m/z = 147). In P-III, LN is directly hydroxylated to chlorophenols                

925 (DP5, m/z = 197), further oxidized to trihydroxylated derivatives of DP6 (m/z = 126) and then to 

926 DP7 intermediates (m/z = 110) through ring-oxidation. Continued oxidative attack lead DP7 to 

927 ring-opening products, generating hydroxylated aliphatic intermediates (DP8, m/z = 88). Finally, 

928 small dimethyl ketone (DP9, m/z = 58) compound is obtained via de-alcoholation of DP8. 

929 Collectively, the pathway reflects stepwise dechlorination, hydroxylation and ring-cleavage 

930 transformations, with DP9 representing the simplest breakdown product. The appearance of 

931 these low molecular weight products suggests extensive breakdown of the LN structure and 

932 likely mineralization to CO2 59. 

933 Overall, the degradation pathways of LN highlight the synergistic roles of SO4
•−, •OH 

934 along with O2
•⁻ in driving the efficient decomposition LN in aqueous media. The contribution of 

935 photogenerated charge carriers in generating these radicals underscores the effectiveness of the 

936 CB30/HSO5
− photocatalytic system in degrading the complex molecule such as LN into smaller 

937 molecular structures.
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938
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DP3, m/z = 285
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O 2.−

 .OH/O2.−

939

940 Scheme 2. Proposed photocatalytic degradation pathways and intermediate degradation products 

941 (DPs) of LN under simulated solar light irradiations using the CB30/HSO₅⁻ system.
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942 3.8. Eco-toxicity evaluation of LN and its degradation products

943 LN is persistent organic contaminant of major concern due to its toxicity and stability in 

944 aquatic systems. An eco-toxicity assessment was carried out using the ECOSAR program. This 

945 assessment revealed that the parent contaminant LN and its letter degradation products (DPs) 

946 showed different level of toxicities with early DPs being more toxic than the latter one. Several 

947 intermediates (DP1 and DP3) were more harmful than the parent contaminant (LN). These 

948 findings also showed that the latter DPs (DP7-DP9) that are formed upon the continuous attack 

949 of reactive radical species (SO4
•−, •OH and O2

•⁻) are essentially harmless.  Fig. 11 and Table S3. 

950 According to European Union and Chinese classification standards 17, 34, LN along with its 

951 degradation products (DPs), pose risks to aquatic organisms but at different levels. LN is 

952 moderately toxic, with LC50 values of 2.24 mg L-1 for fish and 1.57 mg L-1 for daphnia. Early-

953 stage DPs of LN, such as DP1 and DP3, showed severe toxicity with LC50 values as low as 0.52 

954 mg L-1 and 0.08 mg L-1 for fish, and 0.48 mg L-1 and 0.06 mg L-1 for daphnia, respectively. 

955 Green algae were also sensitive, with EC50 values of 0.211 mg L-1 for DP3. Chronic toxicity 

956 (ChV) data confirmed this trend, as DP1 and DP2 of LN produced ChV values below 0.1 mg L-1 

957 across all species. In contrast, later degradation products (DP7-DP9) of LN were essentially 

958 harmless. These findings highlight that LN is moderately toxic and its early degradation products 

959 can pose greater ecological threats. However, the letter degradation products that are formed 

960 after continuous attack of ROS are non-toxic/harmless to aquatic organisms including fish, 

961 daphnia and green algae.  Therefore, toxicity profiling of intermediates is essential for evaluating 

962 the environmental safety of advanced oxidation processes and ensuring complete mineralization 

963 or safe transformation of contaminants during wastewater treatment.

964 3.9. Mechanistic insight into the photocatalytic degradation of LN by oxygen vacancies rich 

965 CeSnO3/Bi2S3 perovskite-based heterojunction

966 The proposed photocatalytic mechanism of CB30, supported by radical quenching 

967 experiments, PL analysis and electrochemical characterizations is illustrated in Scheme 3. Mott–

968 Schottky analysis (Fig. S8), confirmed that both CeSnO3 and Bi2S3 exhibit n-type semiconductor 

969 behavior. The flat-band potentials (Efb) of CeSnO3 and Bi2S3, obtained from their respective 

970 Mott–Schottky plots, were – 0.79 V and – 1.196 V versus Ag/AgCl (Fig. S8). These values were 

971 further converted to the normal hydrogen electrode (NHE) scale using the standard           
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972 equation (Eq. 25) 17, yielding a potential of – 0.593 V for CeSnO3 and – 0.96 V for Bi2S3. 

973 According to literature 5, 17, the conduction band (CB) edge for n-type semiconductor lies 

974 approximately 0.10 – 0.20 eV more negative than its Efb, whereas for p-type semiconductors the 

975 valence band (VB) edge is typically 0.10 – 0.20 eV more positive. Based on this principle, the 

976 CB positions for CeSnO3 and Bi2S3 were estimated at – 0.693 eV and – 1.07 eV, respectively. 

977 Furthermore, the optical band gaps (Eg), determined from UV–Vis DRS analysis, were 2.86 eV 

978 for CeSnO3 and 1.33 eV for Bi2S3 (Fig. S3 (D)). Accordingly, the VB positions were estimated 

979 as 2.22 eV for CeSnO3 and 0.26 eV for Bi2S3 using the Eq. 26.

980 E(NHE) = E(Ag AgCl) + Eθ (25)

981 Where “E(Ag AgCl)” is actually the “Efb” that is obtained from the Mott–Schottky plots and Eθ 

982 = 0.197 V.

983 EVB = ECB + Eg (26)

984 Scheme 3 represents the photocatalytic mechanism of CB30 heterojunction, consisting of 

985 CeSnO₃ and Bi₂S₃ components. The photocatalytic mechanism of CB30 heterojunction is driven 

986 by an S-scheme charge transfer pathway, which preserves the strong redox potential of 

987 photogenerated charge carriers while enabling spatial charge separation. Upon solar light 

988 illumination, both CeSnO3 and Bi2S3 are photo-excited and produced electron–hole pairs (e−/h+) 

989 (Eq. 27-28). The difference in Fermi levels between the two semiconductors induces interfacial 

990 band bending and a built-in electric field, which directs the selective migration of charge carriers. 

991 Photogenerated electrons (e−) in the conduction band (CB) of CeSnO₃ (-0.693 eV) recombine 

992 with holes (h+) in the valence band (VB) of Bi₂S₃ (0.26 eV) through oxygen vacancies (OV), 

993 which create defect energy levels within the bandgap of CeSnO₃, acting as interfacial 

994 recombination bridges 60. These oxygen vacancies are mainly associated with the redox 

995 flexibility of cerium ions within the CeSnO₃ lattice. During the synthesis process, partial 

996 reduction of Ce⁴⁺ to Ce³⁺ can occur, which requires the removal of lattice oxygen atoms to 

997 maintain charge neutrality, thereby generating oxygen vacancy defects 61. In addition, the 

998 formation of the CeSnO₃/Bi₂S₃ heterojunction may induce local lattice distortion and interfacial 

999 electronic interactions that further facilitate the generation and stabilization of these vacancies 62, 

1000 63. The resulting oxygen-vacancy sites serve as effective electron trapping centers, promoting 
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1001 interfacial charge separation and enhancing the activation of peroxymonosulfate during the 

1002 photocatalytic process. This selective recombination of e−/h+  leaves behind energetic electrons 

1003 in the CB of Bi2S3  (-1.07 eV) and h+ in the VB of CeSnO3 (2.2 eV) (Eq. 29) 64. Moreover, the 

1004 photogenerated electrons and holes are dynamically stabilized by the Ce3+/Ce4+ redox couple. 

1005 Some of the photogenerated electrons in the CB of CeSnO3 are captured by Ce4+ and reduced it 

1006 to Ce3+ ions (Eq. 30) 65. Thus the redox pair (Ce3+ ⇄ Ce4+) act as electron reservoir and play a 

1007 crucial role in the inhibition of electron-whole pair recombination by modifying the internal 

1008 redox capability of the catalyst. On the other hand the photogenerated electrons in the CB of 

1009 Bi2S3 reduced the molecular oxygen (O2) to superoxide radical ion (O₂•⁻) (Eq. 31), while the 

1010 photogenerated holes in the VB of CeSnO3 oxidized H2O or surface ⁻OH and caused the 

1011 formation of hydroxyl radicals (•OH) (Eq. 32-33). Besides this, peroxymonosulfate (HSO5
−) 

1012 introduced into the reaction mixture is also get activated by photogenerated electrons in the CB 

1013 of Bi2S3 and caused the formation hydroxyl and sulfate radical ions (•OH and SO4
•−) (Eq. 36) 4. 

1014 Along with this, some molecules of HSO5
− undergo direct photolysis and caused the formation 

1015 of these reactive radical species (Eq. 37) 17. Together, all these species ((•OH, SO4
•− and O₂•⁻ act 

1016 synergistically and caused the efficient removal of LN in aqueous media (Eq. 34, 35 and 38).

1017 Besides pollutant degradation, the strong oxidative potential of holes in CeSnO3 facilitates 

1018 microbial membrane disruption and cellular inactivation, while the reducing electrons in Bi2S3 

1019 enable solar-light-driven hydrogen evolution by reducing protons to H2 17. Thus, the proposed 

1020 oxygen-vacancy-rich S-scheme CeSnO₃/Bi₂S₃ perovskite-based heterojunction, coupled with 

1021 robust Ce3+/Ce4+ redox cycling and HSO₅⁻, synergistically enhances redox selectivity, interfacial 

1022 charge separation and electron–hole pair recombination. This unique combination of defect-

1023 mediated charge transfer and dynamic redox buffering endows the heterojunction with 

1024 exceptional multifunctional photocatalytic performance, enabling efficient persistent pollutant 

1025 (LN) degradation, microbial inactivation and solar-light-driven hydrogen evolution under 

1026 environmentally relevant conditions.

1027 CeSnO3 +hv →e― + h+  (27)

1028 Bi2 S3 +hv → e― + h+ (28)
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1029 e―
(CeSnO3) + h+

(Bi2S3)→ e―
(Bi2S3), h+

(CeSnO3) (29)

1030 𝐶𝑒3+ +ℎ𝑣⇄𝐶𝑒4+ + 𝑒― (30)

1031 e―
(Bi2S3) + O2→O∙―

2  (31)

1032 h+
(CeSnO3) + H2O → HO∙ + H+ (32)

1033 h+
(CeSnO3) + HO―→ HO∙ (33)

1034 HO∙ +LN→DPs (34)

1035 O∙―
2 +LN→DPs (35)

1036 e―
(Bi2S3) + HSO―

5 →SO∙―
4 + HO∙ (36)

1037 HSO―
5 +hv→SO∙―

4 + HO∙ (37)

1038 HO∙/SO∙―
4 +LN→DPs (38)
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1039

1040 Scheme 3. Schematic illustration of the proposed charge transfer and separation mechanism at 

1041 the CeSnO3/Bi2S3 heterojunction interface in the CB30 photocatalyst under simulated solar light 

1042 irradiation.

1043 3.10. Antimicrobial activities analysis of as-synthesized CeSnO3, Bi2S3 and CB30 

1044 heterojunction 

1045 In addition to chemical contaminants, the presence of various microbes such as bacteria 

1046 and fungi possesses considerable threats to aquatic life and human health. The presence of these 

1047 microbes in aquatic media can cause a series of problems, including waterborne diseases and 

1048 ecological imbalance. Effective strategies are highly crucial for controlling microbial growth in 

1049 aquatic media. 

1050 Fig. 12 shows the antimicrobial activities of the as-synthesized CeSnO3, Bi2S3 and CB30 

1051 heterojunction respectively. The antimicrobial activities of these materials were determined 
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1052 against the E. coli and C. albicans using the well diffusion method. The detailed methodology of 

1053 this method is supplied in Text S3. The findings revealed that all the samples exhibit very good 

1054 antimicrobial activities against the E. coli and C. albicans. The zones of inhibition (ZOI) 

1055 measured for these samples provide quantitative evidence of their efficiency towards microbial 

1056 elimination, with detailed data presented in Table S4. The average ZOI values recorded against 

1057 E. coli were found to be 16.5, 18.5 and 21.5 mm for CeSnO3, Bi2S3 and CB30 respectively. 

1058 Similarly for C. albicans the average ZOI values were found to be 17.5, 18.5 and 20 mm for 

1059 CeSnO3, Bi2S3 and CB30 respectively (Table S3). 

1060 The comparative analysis of ZOI values of CeSnO3, Bi2S3 and CB30 reveals that CB30 

1061 heterojunction exhibits a comparatively high antimicrobial activity compared to CeSnO3 and 

1062 Bi2S3. The enhanced antimicrobial activity of CB30 arises from the synergistic effects of S-

1063 scheme heterojunction formation between CeSnO₃ and Bi₂S₃, further amplified by oxygen-

1064 vacancy-induced defect sites and dynamic Ce3+/Ce4+ redox recycling, which collectively promote 

1065 ROS generation and microbial cell inactivation. The enhanced performance of CB30 against E. 

1066 coli and C. albicans confirmed its outstanding antimicrobial activity, highlighting its potential 

1067 application in microbial elimination from aqueous media. 

1068 3.11. Photocatalytic H2 production using oxygen vacancies rich CB30 heterojunction 

1069 The photocatalytic efficiency of the material towards the hydrogen production is highly 

1070 influenced by the over potential associated with hydrogen evolution reaction (HER). Materials 

1071 that possess less negative HER over potential value is considered as thermodynamically and 

1072 kinetically feasible towards H2 evolution. The linear sweep voltammetry (LSV) analysis of as-

1073 synthesized CeSnO3, Bi2S3 and CB30 heterojunction shows the HER values of -1.15 V, -1.07 V 

1074 and -0.96 V against Ag/AgCl respectively (Fig. 13 (A)). The less negative HER over potential 

1075 value of CB30 among the other make it superior catalyst to be used for solar induced 

1076 photocatalytic hydrogen evolution. 

1077 Fig. 13 (B) shows the photocatalytic hydrogen evolution by as-synthesized CB30 

1078 heterojunction under simulated solar light irradiations. The photocatalytic hydrogen evolution 

1079 reactions were performed and the samples were collected at a reaction time of 6, 9 and 12 hrs 

1080 respectively. The collected samples were quantitatively analyzed using gas chromatography 
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1081 (GC-2010 Pro, Shimadzu, Kyoto, Japan). The GC analysis revealed the H2 concentration of 12.2, 

1082 22.2 and 37.7 mmol. g-1 that is produced at a reaction time of 6, 9 and 12 hrs respectively (Fig. 

1083 13 (B)). The increase in concentration of H2 production with time confirmed the excellent 

1084 stability of the synthesized material upon light illuminations. The calculated rates of hydrogen 

1085 evolution under the same conditions were found to be 2.03, 2.47 and 2.98 mm h-1 g-1 for 3, 9 and 

1086 12 hrs of reaction time respectively (Fig. 13 (B); inset). These results demonstrate that the rate 

1087 of hydrogen evolution increases regularly upon light illuminations. The enhancement in the rate 

1088 of hydrogen evolution is attributed to the activation of material surface and enhanced interfacial 

1089 charge dynamics upon light illuminations 66.

1090 In the area of hydrogen production, one of the most important factors is the external 

1091 quantum efficiency (EQE). EQE measures the part of incident protons that effectively converts 

1092 into hydrogen molecules during the hydrogen evolution reaction. Higher EQE means better solar 

1093 to chemical energy conversion, effective charge separation showing the enhanced catalytic 

1094 activity in solar driven hydrogen evolution 67. In the current study the EQE was found to be 34.4, 

1095 41.9 and 50.5% at a reaction time of 6, 9 and 12 hrs respectively (Fig. 13 (B)). The results are 

1096 quite interesting showing the enhanced efficiency of as-synthesized CB30 heterojunction 

1097 towards the effective solar to chemical energy conversion compared to other convention 

1098 photocatalysts. 

1099 Overall, the photocatalytic hydrogen evolutions experiments demonstrate the efficient ability of 

1100 CB30 heterojunctions towards the solar induced H2 production. The enhanced efficiency is 

1101 attributed to the occurrence oxygen vacancies, redox recycling of Ce3+/Ce4+ and efficient 

1102 heterojunction formation that collectively participates in interfacial redox reactions making 

1103 CB30 a promising material to be used in solar induced H2 production.    

1104

1105

1106

1107

1108
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1109 4. Conclusions

1110 This work is engaged on the synthesis of highly porous and multifunctional CeSnO3/Bi2S3, 

1111 perovskite-based S-scheme heterojunction. The aim of this study is to achieve efficient 

1112 multifunctional photocatalyst for simultaneous wastewater treatment and hydrogen production. 

1113 The synthesized material was comprehensively analyzed by different characterization techniques 

1114 including SEM, EDX, Elemental mapping, TEM, HRTEM, SAED, XRD, FTIR, UV-Vis DRS, 

1115 PL, EIS, LSV, BET and XPS that confirmed the successful formation of the synthesized 

1116 materials, including the presence of abundant oxygen vacancies and mixed Ce3+/Ce4+ oxidation 

1117 states, which play a critical role in charge transfer and redox processes. Among all the 

1118 synthesized materials, the CB30 (30% heterojunction of CeSnO3 and Bi2S3) exhibited superior 

1119 photocatalytic performance by achieving 70.7% degradation of lindane (600 µg/L) in aqueous 

1120 media under simulated solar light in 100 min. The photocatalytic efficiency of CB30 was 

1121 synergistically enhanced by the introduction of HSO5
− in the reaction medium, achieving 93.2% 

1122 degradation of LN at a reaction time of 100 min with the corresponding kapp values of 0.0259 

1123 min-1. The CB30 heterojunction also possesses significant antimicrobial activity against E. Coli 

1124 and C. albicans with the corresponding average ZOI values of 21.5 and 20 mm for E. Coli and C. 

1125 albicans respectively. The outstanding performance of CB30 is attributed to the successful 

1126 formation of heterojunction that possess high surface area (~85 m2 g−1), efficient charge 

1127 separation, inhibition in electron hole pair recombination and high concentration of •OH 

1128 formation, further reinforced by oxygen-vacancy-induced defect states that facilitate interfacial 

1129 charge migration and selective recombination of low-energy charge carriers. The optical and 

1130 photo-electrochemical analyses revealed that the CB30 follows an S-scheme charge transfer 

1131 mechanism, as supported by Mott–Schottky, UV-Vis DRS, PL and EIS results. This S-scheme 

1132 configuration preserves the strong redox potential on both sides of the heterojunction, while the 

1133 Ce3+/Ce4+ redox couples act as electron reservoirs, capturing and releasing photogenerated 

1134 electrons to enhance redox capacity and sustain continuous charge transport. Electrons in CB of 

1135 Bi2S3 efficiently reduce O2 to O2
•– and protons to H₂, while holes in VB of CeSnO₃ oxidize 

1136 H2O/–OH to generate •OH. Along with these the highly reactive SO4
•– is also formed upon the 

1137 incorporation of HSO5
− in CB30 system. The generated radical species attacked the targeted 

1138 contaminants and caused their successful elimination from aqueous media. Radical scavenging 

1139 experiments revealed hydroxyl (•OH), superoxide (O2
•–) and sulfate (SO4

•–) radicals as the major 
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1140 reactive species responsible for the contaminant’s degradation from aqueous media. In addition, 

1141 the CB30 heterojunction showed excellent potential for solar-to-chemical energy conversion, 

1142 producing 12.2, 22.2 and 37.7 mmol g−1 of H2 with the EQE values of 34.4, 41.9 and 50.5 % at a 

1143 reaction time of 6, 9 and 12 hrs respectively, benefiting from oxygen-vacancy-assisted charge 

1144 separation and Ce3+/Ce4+ redox recycling that maintain long-lived, highly reactive charge 

1145 carriers. 
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Figures

Fig. 1. SEM images of (A) CeSnO3 (B) CB5 (C) CB10 (D) CB20 (E) CB30 and (F) CB40 

respectively. The inset shows the particle size distribution of the corresponding samples.
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Fig. 2. EDX and elemental mapping of; CeSnO3 (A) and CB30 (B). The inset shows the atomic 

and mass percentages of each element in the corresponding samples.
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Fig. 3. TEM analysis of as-synthesized CB30 and (A) and elemental mapping of the corresponding 

material (B).
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Fig. 4. HRTEM (a), high resolution views of the specific regions (b, d, f, h), inverse FFT of the 

selected regions (c, e, g, i) and the SAED pattern (j) of the as-synthesized CB30.
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Fig. 5. XRD analysis of as-synthesized Bi2S3, CeSnO3, CB5, CB10, CB20, CB30 and CB40.
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(E) and CB40 (F). The BJH pore size distributions are also provided in the corresponding insets 
graphs. 
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Fig. 8. XPS analysis of as-synthesized CB30 before illumination: Full length spectra (A), high 

resolution spectra of Ce (B), Sn (C), O (D), Bi (E) and S (F).
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Fig. 9. Photocatalytic degradation of LN by as-synthesized CeSnO3, CB5, CB10, CB20, CB30 and 

CB40 (A). Effects of initial amount of CB30 on photocatalytic degradation of LN (B). Effect of 

initial contaminant concentration (C) and effects of initial HSO5
− concentration on photocatalytic 

degradation of LN (D). Experimental conditions: [LN]0 = 200-1000 µg/L, [catalyst]0 = 5-20 mg, 

irradiation source = Xe 55W, irradiation time = 100 min.
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Fig. 10. Effects of initial solution pH on photocatalytic removal of LN (A). Photocatalytic 

degradation of LN in different water systems (B). Role of various reactive species in photocatalytic 

degradation of LN from aqueous media in CB30/HSO5
− system (C) and photocatalytic stability of 

as-synthesized CB30 (D).  Experimental conditions: [LN]0 = 600 µg/L, [CB30]0 = 15 mg, 

[HSO5
−]0 = 1.5 mM, pH = 3-9, irradiation source = Xe 55W, irradiation time =100 min. 
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Fig. 11. Predicted eco-toxicological profiles of LN and its degradation products (DPs) toward 

model aquatic organisms as evaluated by the ECOSAR computational model. 
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Fig. 12. Comparative analysis of the antimicrobial activity exhibited by as-synthesized CeSnO₃, 

Bi₂S₃ and the CB30 heterojunction.
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Fig. 13. Linear sweep voltammetry (LSV) curves of CeSnO₃, Bi₂S₃ and CB30, illustrating their 

respective overpotential for the hydrogen evolution reaction (HER) (A). Time dependent 

photocatalytic H₂ generation over CB30 under solar light irradiation at 6, 9 and 12 hrs (B). 

Corresponding hydrogen evolution rates (B; inset). External quantum efficiency (B). 
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Tables

Table 1 BET analysis of as-synthesized CeSnO3, CB5, CB10, CB20, CB30 and CB40 

photocatalysts.

Sample S(BET) (m2/g) Pore diameter (nm) Pore volume (cm3/g)

CeSnO3 16.4 6.268 0.105

CB5 60.9 4.178 0.337

CB10 72.3 3.953 0.323

CB20 81 3.924 0.3111

CB30 85 3.409 0.284

CB40 17.9 6.777 0.258

Table 2 Simulation results of the EIS fitting for CB30 photocatalyst.

RC-circuit element Rs (Ω) C (F) Rp (Ω) Ws-P

CB30 18.22 2.50×10−5 73.92 0.95
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Data Availability Statement

All the original and raw data is available with the first author and can be provided upon request. 
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