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In this work, a series of highly porous and multifunctional CeSnO3/Bi,S3 perovskite-based heterojunctions
(CBX) was successfully synthesized via a two-step mixing approach. Among them, the optimized 30%
CeSnOs/Bi,S3 heterojunction (CB30) exhibited outstanding textural and electronic properties, featuring a
high specific surface area (~85 m? g%, which enabled efficient light harvesting and enhanced charge
carrier separation. Consequently, CB30 degraded 70.7% of lindane (LN; 600 pg L™ in aqueous media
under solar light irradiation within 100 min. The incorporation of peroxymonosulfate (PMS) into the
reaction medium synergistically enhanced the photocatalytic efficiency of the CB30 heterojunction,
achieving 93.2% degradation of LN in 100 min. The outstanding performance of CB30 in conjunction with
PMS is primarily attributed to the successful activation of PMS by the oxygen-vacancy-rich CeSnOs/Bi,Ss
heterojunction and the continuous redox recycling of Ce®*/Ce** species in the heterojunction.
Furthermore, radical quenching experiments revealed hydroxyl, sulphate and superoxide radical ions (*OH,
SO4*~ and O,* ") as the dominant species responsible for the photocatalytic degradation of LN in aqueous
media. In addition to LN degradation, antimicrobial activity analysis tests confirmed the excellent
performance of CB30, with an average zone of inhibition (ZOI) of 21.5 mm and 20 mm against Escherichia
coli (E. coli) and Candida albicans (C. albicans), respectively. Furthermore, CB30 exhibited outstanding
hydrogen evolution performance of 12.2, 22.2 and 37.7 mmol g* of H, with external quantum efficiency

Received 23rd February 2026, (EQE) values of 34.4%, 41.9% and 50.5% upon simulated solar irradiation for 6, 9 and 12 h of reaction time,
Accepted 29th March 2026 respectively. The superior photocatalytic and photo-electrochemical activities are primarily governed by
DOI: 10.1039/d6ma00255b the synergistic integration of step-scheme (S-scheme) charge transfer, oxygen vacancies (34.91%) and
Ce**/Ce** redox cycling, establishing CB30 as a robust and multifunctional platform for persistent
rsc.li/materials-advances pollutant degradation, antimicrobial disinfection and sustainable hydrogen production.
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1. Introduction

Pesticides are widely used in modern agriculture to improve
crop yields and also to control pests. Although they serve an
important role in food security, their indiscriminate use and
over-application have led to serious environmental and health
problems. Among these, lindane (y-hexachlorocyclohexane,
v-HCH) is one of the most highly toxic organochlorine pesti-
cides and has been widely used for decades in agriculture and
for controlling ectoparasites. Lindane (LN) is persistent, bio-
accumulative, and resistant to natural degradation; hence, it
has been classified as a persistent organic pollutant (POP)."
Because of its high hydrophobicity and stability, lindane can
easily accumulate in water bodies, and its exposure can present
a serious risk because of neurotoxicity, endocrine disruption,
and carcinogenicity.! Its occurrence in water is of particular
concern, and the Environmental Protection Agency (EPA) has
established a maximum contaminant level (MCL) for lindane at
0.2 pg L' to protect public health. Although regulatory restric-
tions and bans have been enacted in many countries, due to its
historic use and environmental persistence, lindane continues
to be found in surface and groundwater around the world, with
concentrations often above guideline values. Continuous mon-
itoring studies have reported detectable levels of lindane in
surface waters, and in some areas, these exceed the safety limits
set by regulatory agencies, tending to highlight the ongoing
threat to aquatic ecosystems and human health.?

It was indicated in previous studies that adsorption, chlor-
ination, ozonation, membrane technologies, and biological
treatments could not effectively remove refractory contami-
nants, such as lindane, due to limitations these treatment
methodologies faced, such as expensive procedures, slow pro-
cessing and formation of secondary waste.>* Thus, opportu-
nities are left for more effective and advanced cost-effective
wastewater treatment methodologies for the removal of such
refractory contaminants. Recently, peroxymonosulfate (PMS,
HSO; )-assisted advanced oxidation processes (AOPs) have
attracted remarkable interest as an efficient and eco-friendly
way to destroy persistent organic contaminants in water.> Com-
pared with hydroxyl radicals (*OH), sulfate radical ions (SO,*")
possess a higher redox potential and longer lifetime, which could
lead to a highly effective oxidation over a wide pH range.” Such a
dual-radical mechanism ensures the complete degradation of
hazardous materials, including pesticides such as LN, in aqu-
eous medium and provides a potential pathway toward effective,
sustainable wastewater purification techniques.

Khan et al applied the visible- and solar-light-assisted
S-TiO,/PMS system for the efficient removal of lindane in
aqueous media. Their results showed 31% and 63.4% removal
of lindane (10 pM) under visible- and solar-light-assisted S-TiO,
photocatalysis, respectively, at a reaction time of 6 h. The
photocatalytic performance of S-TiO, was increased remarkably
by the incorporation of PMS (0.2 mM) in aqueous media,
achieving 68.2% and 99.9% removal of lindane at a reaction
time of 6 h under visible and solar light, respectively.® Similarly,
another investigation by Khan et al. revealed 78.4% removal of
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lindane (3.43 uM) by a Fe®'/PMS system under fluorescence
light in 12 h.” Furthermore, application of a UV/PMS process
attained 92% removal of lindane in 180 min with a k,, value of
1.42 x 1072 min ".® The present study, however, effectively
degrades lindane at extreme trace levels (2.06 pM).

Energy production (H,) from water splitting is also an
interesting area on which research is currently focused. For
such dual-purpose applications (contaminants degradation
and H, production), researchers have developed different types
of photocatalysts and their composites/heterojunctions. Wu
et al. used MoS,@TiO, for the simultaneous removal of con-
taminants (Enrofloxacin (ENR), Ofloxacin (OFX) and Ciproflox-
acin (CIP)) and H, production. The results showed 95.6%,
95.3% and 72.1% degradation of these contaminants with
corresponding rates of H, evolution of 41.59, 36.82 and
30.26 pmol ¢~ * h™* for ENR, OFX and CIP, respectively, in aqueous
media under visible-light irradiation for 3 h.” Similarly, the one-pot
hydrothermal synthesis of a TiO,/RCN heterojunction was
reported, and the material showed 98.6% degradation of Rhoda-
mine B under visible-light irradiation for 3.5 h. Moreover, the TiO,/
RCN heterojunction yielded 361.8 pmol g~ * h™" of H, after 5 h of
visible-light illumination.*°

Recently, perovskite-based photocatalysts have attracted
considerable attention in the field of wastewater treatment
and energy production (H,) through water splitting due to their
exciting properties of tunable band structures, high absorption
coefficients, oxygen vacancies, and adjustable surface
chemistry.'" However, it has been documented that conven-
tional perovskite materials, such as calcium titanate (CaTiOs),
barium titanate (BaTiO3), and strontium titanate (SrTiO;), face
challenges in the field of wastewater treatment due to their
poor stability, limited visible-light absorption, high band gap
energies, and rapid electron-hole pair coupling.'? On the other
hand, cerium tin oxide (CeSnO;) has emerged as an encoura-
ging material due to its exceptional electronic structure, struc-
tural stability, efficient charge transport and extended light
absorption. In CeSnOs, cerium exists as a reversible Ce**/Ce**
redox pair that enables dynamic redox recycling, and the
material possesses excellent oxygen-storage capability. Simi-
larly, the oxygen vacancies in CeSnO; act as electron reservoirs
for the photogenerated electrons and as catalytically active
sites.’®'* The occurrence of these features promotes charge
separation, enhances PMS activation, and enables efficient
reactive oxygen species (ROS) formation during the photocata-
lytic process.

Recently, sulfide-based materials, especially bismuth sulfide
(Bi,S;), have attracted attention as photocatalysts in the field of
wastewater treatment. Bi,S; is a semiconductor with a low band
gap energy (~1.3-1.7 eV), strong absorption in the visible
region, and excellent charge-transport properties. These quali-
ties make it a promising catalyst for use in the construction of
suitable heterojunctions for wastewater treatment."® Further-
more, coupling of Bi,S; with other photocatalysts, especially
CeSnO;, can significantly improve the interfacial charge separa-
tion and migration and effectively inhibit electron-hole pair
recombination, thereby enhancing the photocatalytic efficiency
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in environmental remediation and conversion
applications."®

Keeping in mind these outstanding features, the current
study introduces a highly porous oxygen-vacancy-rich CeSnOs/
Bi,S; perovskite-based heterojunction with a high surface area
and efficient Ce®*/Ce*" redox recycling. The synthesized hetero-
junction material synergistically activates PMS, leading to the
successful generation of ROS (*OH, SO,*~ and O,°”) and
causing efficient degradation of LN in aqueous media under
light illumination. Furthermore, the performance of the synthe-
sized material was compared with previously reported photo-
catalysts, and a detailed summary is provided in Table S2.
Compared to previously reported photocatalysts, the as-
synthesized CeSnOj;/Bi,S; heterojunction achieved 93.21%
degradation under simulated solar illumination for 100 min,
showing the enhanced efficiency of the CeSnO;/Bi,S; hetero-
junction compared to previously reported photocatalysts. In
addition to this, the CeSnO;/Bi,S; heterojunction exhibits
excellent antimicrobial activity against Escherichia coli (E. coli)
and Candida albicans (C. albicans) and enables significant solar-
driven H, production. All these qualities (contaminant degra-
dation, antimicrobial activity and H, production) make
CeSnO3/Bi,S; a promising material for use in simultaneous
wastewater purification and energy production applications.

energy

2. Experimental

2.1. Chemicals

The following were supplied by Sigma-Aldrich: cerium(wv) sul-
fate tetrahydrate (Ce(SO,),-4H,0, 98%), polyvinylpyrrolidone
((C¢HgNO),,), lindane pestanal (CcHgCls, 97%), oxone (KHSOs;
0.5 KHSO,; 0.5 K,S0,), benzoquinone (C¢H,0,, 98%) and
ethanol (C,HsOH, 99.8%). Scharlau (Spain) provided SnCl,-
2H,0 (98%), sodium hydroxide (NaOH, 97%), tert-butanol
(C4H100, 99%) and sodium bicarbonate (NaHCO;, 99%).
Bi,(NO;),-5H,0 (98%), Na,S (60-63%) and Na,CO; (99.8%)
were supplied by Acros Organics. Perchloric acid (HClO,,
60%), terephthalic acid (CgHgO4, 97%) and NaNO; were sup-
plied by Daejung Korea. Silver nitrate (AgNOj;, 99.8%), sodium
chloride (NaCl, 99.5%) and potassium iodide (KI, 99.8%) were
provided by Merck. Ammonium hydroxide (NH,OH, 25%)
originated from BDH England. All chemicals were used without
further purification, and all solutions were prepared with
ultrapure water (resistivity 18.2 MQ cm).

2.2. Material synthesis

2.2.1. Synthesis of CeSnO;. CeSnO; was synthesized by
using a simple hydrothermal approach. Equimolar 0.2 M solu-
tions of cerium (Ce) and tin (Sn) were prepared in 40 mL of
distilled water, named solutions A and B, respectively. For the
0.2 M Ce solution, 3.2 g Ce(SO,),-4H,0 was dispersed in 40 mL of
water with continuous stirring for 30 min (solution A). For the
0.2 M Sn solution, 1.81 g SnCl,-2H,0 was dissolved in 40 mL of
distilled water with continuous stirring for 30 min (solution B).
Solution A was slowly dropped into solution B under stirring for
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1 h. The pH was adjusted to 8 with NH,OH. The mixture was
placed in a Teflon-lined autoclave and submitted to hydrother-
mal treatment at 180 °C for 24 h. The contents in the autoclave
were washed repeatedly with distilled water and ethanol and
dried at 80 °C for 6 h. The dried material was further calcinated
at 500 °C for 5 h to obtain the final CeSnO; product.

2.2.2. Synthesis of Bi,S;. Bismuth sulfide (Bi,S;) was pre-
pared using a two-step mixing procedure with the precursors of
Bi(NO3)3-5H,0 and Na,S. First, 4.85 g Bi(NO;);-5H,0 was dis-
persed in 50 mL of distilled water with stirring for 25 min to
obtain Solution A. Then, Solution B was prepared by dissolving
1.17 g Na,S in 50 mL of distilled water. Solution B was added
dropwise to solution A under continuous stirring for 1 hour.
The resulting black precipitate was washed with distilled water
and ethanol and then vacuum-dried at 80 °C to obtain the final
product.

2.2.3. Synthesis of CeSnO;/Bi,S; perovskite-based hetero-
junction. CeSnO;/Bi,S; perovskite-based heterojunctions with
weight percentages of 5%, 10%, 20%, 30 and 40% were synthe-
sized using a two-step mixing method; the samples were
labeled as CB5, CB10, CB20, CB30, and CB40, respectively. To
synthesize CB5, 950 mg CeSnO; was dissolved in 100 mL of
ethanol-water (1:1) to form solution A. Solution B was pre-
pared by dissolving 50 mg Bi,S; in 100 mL of ethanol-water
(1:1). PVP was then added to solution A at a concentration of
100 mg per 10 mL with continuous stirring. Solution B was then
slowly added to solution A. The mixed solution was then
magnetically stirred at 60 °C for 8 h. The resulting precipitate
was washed several times with distilled water and then vacuum-
dried at 60 °C. The resultant sample was denoted as CB5. The
same method was applied for the synthesis of CB10, CB20,
CB30 and CB40, adjusting the initial concentrations of CeSnO;
and Bi,S; according to stoichiometry. Scheme 1 shows a sche-
matic view of the synthetic procedures.

2.3. Characterization of synthesized materials

The surface morphology and particle size were investigated
through scanning electron microscopy (SEM; JSM-5910). More
detailed information on the material at the nanoscale was
obtained using transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM)
(FEI Corp., USA). Energy-dispersive X-ray (EDX) (EX-2300BU,
JEOL) was carried out to study the elemental composition and
the purity of the synthesized materials. In association with
EDX, elemental mapping was also performed in order to
determine the distribution of elements in the synthesized
samples. X-ray diffraction (XRD) measurements were per-
formed using a Rigaku D/max-RB diffractometer with Cu-Ka
radiation (1 = 1.54 A) to investigate the crystallinity and phase
composition. The instrument was operated at 45 kV and
100 mA, with a scan rate of 0.03° s ' over the 20 range.
Fourier-transform infrared (FTIR) analysis provided information
on the formation of the synthesized materials and the presence
of various functional groups associated with the material sur-
face; spectra were obtained with an FTIR-8400 spectrophoto-
meter (Shimadzu). X-ray photoelectron spectroscopic (XPS)
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Scheme 1 Systematic synthesis of the CeSnOs/Bi,Ss perovskite-based heterojunction.

analysis of the synthesized materials was carried out to study the
surface chemical composition and the binding energies using a
Thermo Scientific Ko spectrophotometer (PHI-5300 ESCA spec-
trometer). Surface area and porosity analyses of the synthesized
catalysts were performed using a Quantachrome (Quanta-
chrome® ASiQwin™- Automated Gas Sorption Data, Acquisition
and Reduction, 1994-2016, Quantachrome Instruments version
5.0) system by recording the nitrogen adsorption-desorption
isotherms. Before measurements, the samples were well
degassed at 150 °C for 8 h under vacuum to eliminate adsorbed
species. The specific surface area was measured using the
Brunauer-Emmett-Teller (BET) method, while the pore size
distributions were determined by employing the Barrett-Joy-
ner-Halenda (BJH) model. The optical band gap energy of the
synthesized materials was determined using ultraviolet diffuse
reflectance spectroscopy (UV-DRS), performed with a PerkinEl-
mer Lambda 1050 UV/Vis/NIR spectrophotometer. Barium sul-
fate (BaSO,) was used as the non-absorbing reflectance standard.
The phenomena of radical production and electron-hole pair
(e, h") recombination were investigated through photolumines-
cence analysis (PL) using a fluorescence spectrometer (PerkinEl-
mer LS 45). Electrochemical analyses, including electrochemical
impedance spectroscopy (EIS), Mott-Schottky analysis (MS) and
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photocurrent measurement of the synthesized materials, were
conducted to evaluate the charge transfer resistance, charge
transport characteristics, band position and photo-response of
the synthesized samples; the measurements were performed
using a Corrtest Potentiostat (CS310M, Corrtest, China). The
three-electrode system was used for analysis, wherein the synthe-
sized material was deposited on the working electrode, with
silver-silver chloride (Ag/AgCl) as the reference electrode and
platinum as the counter electrode. A common salt addition
method was employed for determining the surface charge of
the synthesized material, using NaNO; (0.1 M) as the electrolytic
solution."”

2.4. Photoluminescence analysis

The formation of hydroxyl radicals (*OH) during the photoca-
talytic process was confirmed by photoluminescence analysis
(PL). For PL analysis, a reaction system was made by mixing
50 mL of terephthalic acid (TA, 3.5 x 10~* M) with 50 mL of
sodium hydroxide solution (2 x 10~* M). About 15 mg of the
synthesized CeSnO; was added to the reaction with continuous
stirring. The reaction mixture was exposed to a simulated solar
lamp (Xe; 55 W) for 100 min. Under light illumination, the
CeSnO; produced *OH, which, upon reaction with TA, caused

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the formation of the fluorescent product, 2-hydroxyterephthalic
acid (TAOH), as given in eqn (1) and (2)."” The fluorescence
emission intensity of TAOH, typically monitored around
425 nm, is directly related to the amount of *OH formed in
the system. Thus, an increase in fluorescence intensity con-
firmed the successful generation of *OH during photocatalysis.
The same experimental protocol was applied to Bi,S; and the
CeSn0;/Bi,S; heterojunction (CB30), wherein CeSnO; was sub-
stituted with Bi,S; and CB30, respectively (eqn (3)-(6)).

CeSnO; + hv - HO (1)
HO + TA — TAOH (2)
Bi,S; + hv — HO (3)
HO + TA — TAOH (4)
CB30 + hv - HO (5)
HO + TA — TAOH (6)

2.5. Point of zero charge (PZC) analysis

In the area of photocatalysis, surface charge plays a crucial role
that greatly influences the interaction capabilities and the
adsorption of contaminants over the material surface. The
point of zero charge (PZC) value provides valuable information
regarding the surface charge, which plays a significant role in
various applications, including adsorption, photocatalysis and
wastewater treatment. For the same purpose, the PZC of the as-
synthesized CB30 was determined using the salt addition
technique."”

Typically, an approximately 0.1 M solution of sodium nitrate
(NaNOj;) was prepared and taken in 10 separate reagent bottles.
The pH of the solutions was altered from 3 to 12 using the dilute
solution of HNOj; (0.1 M) and/or NaOH (0.1 M). After pH adjust-
ment, an equal amount of the CB30 (20 mg) was supplemented to
each reagent bottle. The reagent bottles were transferred to a
shaker and shaking was continued for 24 h at 150 rpm. After 24 h
of continuous shaking, the samples were filtered and the pH was
re-measured. Using eqn (7), the change in pH (ApH) was deter-
mined. Finally, the PZC of the material was obtained by plotting
ApH against initial pH (pHi). The PZC of CB30 was found to be 4,
as evident from the intersection point (Fig. S1).

ApH = pH; — pH;¢ )

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

The photocatalytic efficiency of the as-synthesized CeSnOj;,
Bi,S; and the CeSnOs;/Bi,S; perovskite-based heterojunction
was systematically evaluated towards the photodegradation of
LN in aqueous media. The photocatalytic investigations were
performed in a batch reactor under simulated solar irradiation
using a 55 W xenon lamp, placed 15 cm above a Petri dish
containing LN solution (600 pg L™"). Prior to illumination, the

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

reaction mixture was stirred in the dark for 30 min to establish
the adsorption-desorption equilibrium. The lamp was then
turned on to initiate the photocatalytic degradation process.
At regular intervals, a sample (1 mL) of the LN solution was
collected, filtered through a nylon syringe filter (0.45 pm), and
analyzed quantitatively using gas chromatography with a
micro-cell electron capture detector (GC-LECD). The details of
this method are provided in Text S1. The influence of perox-
ymonosulfate (HSO5 ) (a source of *OH and SO,*”) on the
photocatalytic activity was also explored. Additionally, the
effects of various operational parameters, including catalyst
amount (5-20 mg), contaminant concentration (200-1000 pg
L"), HSO;5~ concentration (0.1-2 mM) and solution pH (acidic,
neutral and basic), were thoroughly examined.

The degradation products (DPs) were qualitatively examined
using gas chromatography-mass spectrometry (GC-MS; QP-
2010 Plus, Shimadzu, Japan). For mechanistic analysis, the
ROS involved in the degradation process were detected via
scavenger studies using benzoquinone (BQ), silver nitrate
(AgNO3), tertiary butyl alcohol (TBA) and ethanol (EtOH), with
each added at a concentration of 5 mM. Reusability tests were
performed to evaluate the long-term stability and durability of
the synthesized photocatalytic materials. At the end of each
degradation cycle, the photocatalyst was recovered by centrifu-
gation, washed carefully with distilled water and ethanol and
finally vacuum-dried at 80 °C.

2.7. Photocatalytic degradation of LN in different water
systems

To assess the practical applicability of the synthesized photo-
catalysts, degradation experiments were further extended to
different water matrices, including distilled water (DW), tap
water (TW), synthetic wastewater (SW) and industrial water (IW)
samples. The industrial water sample was collected from Stan-
ley Pharmaceutical Company, Hayatabad, Peshawar. The sam-
ple was filtered before use and utilized as such without further
processing. The detailed chemical composition of these sam-
ples is provided in Table S1.

2.8. Assessment of acute and chronic toxicity

The potential toxicity of the by-products was evaluated using
the Ecological Structure Activity Relationships (ECOSAR) pre-
dictive software. The details are provided in Text S2.

2.9. Assessment of antimicrobial properties

The antimicrobial activities of the synthesized materials were
investigated using the Agar well diffusion method. The details
are provided in Text S3.

2.10. Solar-light-induced hydrogen evolution over CB30
photocatalyst

Photocatalytic hydrogen (H2) evolution tests were conducted in
a custom-fabricated 500 mL Pyrex photoreactor sealed with a
rubber septum. About 40 mg of CB30 was dispersed in 120 mL
of an aqueous methanol solution (20% methanol and 80%
distilled water), wherein methanol acted as a sacrificial agent
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for effective hole (h') scavenging. Prior to irradiation, the
reaction system was purged with high-purity N, gas for
30 min to ensure complete removal of dissolved oxygen. A
xenon lamp (55 W), positioned 15 cm above the reactor and
served as the irradiation source. The reaction suspension was
continuously stirred during the experiment, while an integrated
exhaust fan dissipated excess heat to maintain the system
temperature close to 25 °C. At specified time intervals (6, 9
and 12 h), a gas sample was collected from the reactor head-
space using a gas-tight syringe and stored in a gas-sampling
bag (HBD-0.5L, 16 x 18 cm). Quantitative analysis of the
hydrogen gas was performed using a gas chromatograph (GC-
2010 Pro, Shimadzu, Kyoto, Japan) equipped with a thermal
conductivity detector (TCD) and an RT-MSSA column (30 m,
0.32 mm ID, 30 pum film thickness), with high-purity N,
employed as the carrier gas. The external quantum efficiency
(EQE) was also evaluated under identical photocatalytic condi-
tions using monochromatic Xe lamp irradiation centered at
490 nm (+20 nm). The EQE was calculated using the following
equation (eqn (8)).*®
Number of reacted electrons

EQE (%) = % 100 (8)

" Number of incident photons

3. Results and discussions

3.1. Characterization of the as-synthesized materials

The morphological and microstructural studies of the synthe-
sized materials were performed using SEM analysis. Fig. 1
shows the SEM analysis of as-synthesized CeSnO; and different
percent CeSnO3/Bi,S; perovskite-based heterojunctions (CB5-
CB40). The SEM analysis of CeSnO; revealed the different,
irregularly sized crystals. The particles are widely distributed,
and some agglomeration can also be seen (Fig. 1(A)). The average
particle size was observed to be 3.8 pm (Fig. 1(A), inset). The SEM
images of CeSnO;/Bi,S; perovskite-based heterojunctions (CB5-
CB40) exhibited the presence of both CeSnO; (yellow encircled)
and Bi,S; (red encircled) nanoparticles (Fig. 1(B-F)). In CB5
(Fig. 1(B)), the coexistence of both CeSnO; and Bi,S; phases is
evident, with CeSnO; appearing more dominant due to its higher
concentration. The CeSnO; crystallites exhibit irregular, porous
aggregates intimately anchored onto the Bi,S; surfaces, indicat-
ing the initiation of interfacial contact between the two compo-
nents, with an average particle size of 4.6 um. Furthermore, the
interaction between the phases becomes more prominent upon
increasing the content of Bi,S; beyond 5%. Fig. 1(C) shows the
spongy-type morphology for CB10, and compact Bi,S; crystals
can also be observed. In the case of CB20, the interfacial
adhesion improved, resulting in an increase in the particle size
from 5.1 um (for CB10) to 5.6 um (Fig. 1(D)). The increase in
particle size suggests enhanced heterojunction formation in the
case of CB20. Similarly, the SEM image of CB30 (Fig. 1(E)) clearly
shows that the spongy-type particles of CeSnOj; (yellow encircled)
are attached to the grayish sheets of Bi,S; (red encircled). It can
be observed that the particles of CeSnO; have successfully
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formed a heterojunction with the sheets of Bi,S; with minimum
agglomeration. The average particle size calculated for CB30 was
6.1 um. In contrast, excessive Bi,S; incorporation in CB40
(Fig. 1(F)) resulted in compact stacking, pronounced agglomera-
tion, and reduced porosity, with an average particle size of
6.4 pm, which may limit the accessibility of the active sites and
inhibit the charge mobility. These observations confirm that the
controlled integration of Bi,S; up to 30 wt% yields an ideal,
highly porous microstructural arrangement, promoting effective
heterojunction formation and superior photocatalytic activity in
the CB30 sample.

The elemental composition and distribution of the synthe-
sized materials were studied using energy-dispersive X-ray
spectroscopy (EDX) and elemental mapping techniques.
Fig. 2(A) and (B) show the EDX spectra of CeSnO; and CB30,
respectively. The characteristic peaks of Ce, Sn and O can be
observed in CeSnO;. In the case of CB30, additional peaks for
Bi and S can also be observed, which arise from Bi,S; in the
CB30 heterojunction. The observed C peak in both CeSnO; and
CB30 likely arises from instrumental contamination, carbon tape
used during sample preparation, or it might be attributed to
some other carbon-containing impurities in the samples. The
atomic and mass percentages of the elements are aligned with
the stoichiometric calculations (Fig. 2(A) and (B), inset). Further-
more, the mapping results provided with both CeSnO; and CB30
showed the uniform distribution of particles in both CeSnOj;
(Fig. 2(A) (A-C)) and CB30 (Fig. 2(B) (A-E)), indicating the
successful synthesis and uniform elemental distribution. The
observed uniformity in particle distribution, as revealed by the
elemental mapping, indicates a well-dispersed microstructure in
both CeSnO; and CB30 perovskite-based heterojunctions.

Fig. 3(A) shows the TEM analysis of as-synthesized CB30,
which different morphologies for CeSnO; (red
encircled) and Bi,S; (green encircled). The CeSnO; counterpart
of CB30 exhibits a porous, honeycomb-like structure. Similarly,
the TEM results showed the rod-like morphology for the
synthesized Bi,S; material. The TEM results show that the
CeSnO; particles are attached to the surface of the Bi,S;. The
existence of both CeSnO; and Bi,S; confirms the successful
synthesis of the porous perovskite-based heterojunction
(CB30). Elemental analysis of CB30 (Fig. 3(B)), confirms the
existence of bismuth (Bi), cerium (Ce), tin (Sn), sulfur (S) and
oxygen (O), which corresponds to the composition of CB30.
Moreover, the uniform distribution of these elements in their
corresponding mapping results suggests good compositional
homogeneity. The porous nature of CeSnO; may enhance the
surface reactivity, while the rod-shaped crystals of Bi,S; could
facilitate the charge transport. Furthermore, the close contact
between the CeSnO; and Bi,S; in CB30, as evidenced by TEM,
may enable the charge dynamics in CB30. Thus, the synthe-
sized perovskite-based heterojunction (CB30) may lead to
improved performance in various applications, especially in
the field of wastewater treatment.

The high-resolution transmission electron microscopy
(HRTEM) and selected area electron diffraction (SAED) assess-
ments of CB30 are depicted in Fig. 4. The HRTEM analysis of

reveals
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Fig. 1 SEM images of (A) CeSnOs, (B) CBS5, (C) CB10, (D) CB20, (E) CB30, and (F) CB40. Insets show the particle size distributions of the corresponding

samples.

CB30 (Fig. 4(a)), reveals a complex nanostructure with multiple
crystalline phases. Various lattice fringes corresponding to
CeSnOs, Bi,S;, CeO, and SnO, can be clearly seen. The high-
resolution views of the specific regions in the HRTEM image
are shown in Fig. 4(b, d, f and h), highlighting the lattice fringes
of different crystalline phases for CeSnOj;, Bi,S;, CeO, and
SnO,, respectively. The corresponding inverse FFT images in
Fig. 4(c, e, g and i) further confirmed the presence of these
phases and provided insight into their crystal structures. The d-
spacing calculated from the HRTEM image was found to be
0.38 nm, corresponding to the 130 plane of Bi,S;, 0.335 nm,
consistent with the 110 plane of SnO,, 0.31 nm, matching the
111 plane of CeO,, and 0.365 nm for CeSn0;."°>' Fig. 4(j)

© 2026 The Author(s). Published by the Royal Society of Chemistry

shows the SAED pattern of CB30. The image shows a ring
pattern with multiple diffraction rings, indicating a polycrys-
talline material. The observed rings are indexed to specific
crystal planes. The 130 ring (green encircled) corresponds to
Bi,S;. The second ring (red encircled) is assigned to CeSnOs.
The 110 ring (brown encircled) is assigned to SnO,. Similarly,
the 111 ring (yellow encircled) corresponds to CeO,. The red-
circled second ring may correspond to the perovskite CeSnOs;.
The observed CeO, and SnO phases in HRTEM and SAED also
agree with the XRD results. The formation of a heterojunction
between CeSnO; and Bi,S; may result in enhanced interfacial
charge transfer and separation. This may result in improved
effectiveness of the material in different applications,

Mater. Adv.
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samples.

especially in the field of wastewater treatment and energy
production.

The XRD analyses of as-synthesized CeSnOj, Bi,S; and
CeSn0;/Bi,S; perovskite-based heterojunctions (CB5-CB40)
are depicted in Fig. 5. In the case of Bi,S;, characteristic peaks
are observed at 20 values of 11.3, 17.9, 22.3, 24.9, 28.7, 31.9,
33.4, 45.6, 46.6 and 51.2° corresponding to the (110), (120),
(220), (130), (211), (221), (311), (501), (501) and (222) planes,
respectively.>” The peak positions and their corresponding hkl
values match well with the standard JCPDS Card No. 17-0320,%*
confirming the orthorhombic crystal structure of Bi,S;. The

Mater. Adv.

presence of sharp peaks indicates the good crystallinity of the
synthesized material. For CeSnO;, the XRD patterns show
characteristic peaks at 33.1, 47.5, 56.4, 69.4 and 79°, confirming
the successful formation of CeSnO;. Furthermore, the XRD
spectrum also shows the presence of secondary phases, such
as CeO, (peaks at 28.5 and 76.7° matching the JCPDS: 34-0394),
SnO, (peaks at 26.6, 38 and 51.9° matching the JCPDS: 41-1445)
and SnO (peaks at 29.7 and 31.9° matching the JCPDS: 06-
0395).> The presence of these oxides suggests that some Ce
and Sn ions are not incorporated into the perovskite CeSnO;
structure, resulting in the creation of these secondary oxide

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM analysis of the as-synthesized CB30 (A) and elemental mapping of the corresponding material (B).

phases.”® Compared to bare CeSnO; and Bi,S;, the XRD pat-
terns of all the heterojunctions (CB5-CB40) possess the repre-
sentative peaks of both CeSnO; and Bi,S;, confirming the
successful formation of the heterojunctions.® Certain peaks
from the individual phases, such as peaks at 28.5° of CeO,,
29.7 and 31.9° of SnO, and the corresponding peaks of Bi,S; at
11.3,17.9, 22.3, and 24.9°, are not visible in the heterojunction
materials, which might be due to the overlapping of peaks,
change in crystal structure, or reduced crystallinity.>* Moreover,
the results clearly show that the characteristic peaks of Bi,S;
become more prominent with increasing the Bi,S; concen-
tration in the heterojunction materials. Furthermore, Fig. 5
shows that the intensity of the representative peaks of the
secondary phases (CeO,, SnO and SnO,) gradually decreases
with increasing Bi,S; concentration in the heterojunction. In

© 2026 The Author(s). Published by the Royal Society of Chemistry

the bare CeSnO; sample, weak reflections corresponding to
these minor oxide species are observed along with the main
CeSnO; phase. However, after forming the CeSnO;/Bi,S; het-
erojunction, the oxide peaks diminish significantly, and only a
very weak SnO, peak is detected in the optimized CB30 sample.
This behavior can be attributed to strong interfacial coupling,
surface coverage effects, suppression of secondary crystal-
lization and improved phase stability within the heterostruc-
ture, indicating that the heterojunction is primarily composed
of CeSnOj; and Bi,S; phases.?® The aforementioned XRD results
are consistent with the HRTEM and SAED results. The success-
ful formation of the heterojunction is anticipated to improve
the material’s light-harvesting properties due to the synergistic
effects between the CeSnO; and Bi,S; in the heterojunction
system.

Mater. Adv.


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

Open Access Article. Published on 30 March 2026. Downloaded on 4/21/2026 8:12:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Materials Advances

Fig. 4 HRTEM image (a), high-resolution images of the specific regions (b, d, f and h), inverse FFT of the selected regions (c, e, g and i) and the SAED

pattern (j) of the as-synthesized CB30.

Fourier-transform infrared spectroscopy (FTIR) was per-
formed to study the chemical composition and the presence
of various types of functional groups associated with the
synthesized materials. Fig. 6 shows the FTIR spectra of as-
synthesized CeSnOj, Bi,S; and CB30. The broad absorption
peaks observed in the region around 3619-3149 cm ' are
credited to the stretching vibration of O-H at the material’s
surface.”® Similarly, the small absorption peaks in the range of
1700-1570 cm ™ " are due to the bending vibrations of H-O-H,
confirming the adsorbed water molecules.”” In the case of
CeSnO;, the small absorption peak around 1280 cm™' is
ascribed to the presence of CO,>, likely formed by the reaction
of atmospheric CO, and NH,OH during the synthesis.”® Similarly,
the broad absorption in the range of 1206-930 cm ™' is due to the
presence of SO4>~ stretching vibrations, suggesting residual
sulfate ions from the precursor Ce(SO,),-4H,0.% The absorption

band at 665 and 646 cm ' is assigned to metal-oxygen lattice

Mater. Adv.

vibrations (O-Sn-O/M-O-M type modes), consistent with for-
mation of the Ce-Sn perovskite framework.>® Furthermore, the
peak at 597 cm ™' is ascribed to the stretching vibrations of Ce-O
and Sn-O. The presence of these confirms the formation of SnO,
and CeO,.*' The FTIR spectrum of Bi,S; showed a broad absorp-
tion peak at 1470-1230 cm ' corresponding to the presence of
NO,™ ions from the precursor Bi(NO;),-5H,0.%* The absorption
peaks at 1130-990 cm ' might correspond to S-O stretching
modes over the material surface.*® Similarly, the absorption peak
at 813 cm™ ' is likely associated with the Bi-O vibration, which
confirms the small amount of Bi oxidation in the material.**
Moreover, the absorption peaks at 726 and 554 cm ™ are due to
the Bi-S stretching vibration, proving the successful synthesis of
Bi,S;.>°

The FTIR spectra of the heterojunctions (CB5-CB40) show
weak residual bands that correspond to minor surface impu-
rities originally present in the bare CeSnO; and Bi,S;, but the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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intensities of these impurity bands are markedly reduced after
heterojunction formation. This attenuation might be due to the
following: (i) surface washing and removal of loosely bound
adsorbates during post-synthetic purification, (ii) physical cov-
erage/dilution of impurity sites by the deposited secondary
phase, and (iii) strong interfacial chemical coupling and lattice
reorganization at the CeSnOs/Bi,S; interface that modifies the
local vibrational environment and suppresses defect/impurity
modes.*® Similarly, the results show that, upon formation of the
CeSnO05/Bi,S; heterojunction, instead of retaining the individual
peaks of CeSnO; and Bi,S;, a single broad and intense peak
appeared between 780 and 400 cm™'. This behavior suggests
strong interfacial interactions and chemical bonding between
CeSnO; and Bi,S; during the heterojunction formation. The

© 2026 The Author(s). Published by the Royal Society of Chemistry

merging and shift of the peaks imply the generation of new
metal-oxygen-sulfur (M-O-S) linkages and lattice distortion due
to the close coupling of the two phases. Such changes are
commonly reported in heterojunction systems, where the for-
mation of a chemical interface alters the local vibrational
environment.*>

The N, adsorption-desorption isotherms and BJH pore-size
distributions of CeSnO; and the corresponding perovskite-
based heterojunctions (CB5-CB40), exhibit a type IV isotherm
with a H3-type hysteresis loop, according to the IUPAC
classification,?” indicating the presence of mesoporous struc-
tures with slit-shaped pores. Such pore characteristics are
typically associated with the aggregation of plate-like particles
or layered nanostructures in the CeSnO;/Bi,S; heterojunction

Mater. Adv.
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(Fig. 7(A-F)). Table 1 provides details regarding the specific
surface area, pore diameter, and pore volume of the synthe-
sized materials. Pristine CeSnO; (Fig. 7(A)) shows a relatively
low BET surface area of 16.4 m”> g ', a pore diameter of
6.27 nm, and a pore volume of 0.105 cm® g, reflecting its
compact and less porous microstructure. With the introduction
of Bi,S;, a remarkable improvement in textural characteristics
was observed. Fig. 7(B) shows the significant enhancement in
surface area of CB5 (60.9 m> g~ ') with the observed pore
diameter and pore volume of 4.18 nm and 0.337 cm® g™,
respectively. The significant increase in surface area indicates
the formation of a more favorable mesoporous structure. In the
case of CB10 and CB20 (Fig. 7(C) and (D)), the mesoporous
nature further improved, with continuous enhancement in
surface area to 72.3 and 81.0 m> g~ ' for CB10 and CB20,
respectively. For CB10 and CB20, the pore diameter and pore
volume were found to be 3.95 nm and 0.323 ecm® g~' and
3.92 nm and 0.311 cm® g, respectively. The observed increase
in surface area upon increasing the concentration of Bi,S;
suggests the formation of additional adsorption sites/channels
in heterojunction materials, as observed in the SEM images.
The BET analysis of CB30 (Fig. 7(E)) showed a further improve-
ment in the surface area (85.0 m> g ') accompanied by an
average pore diameter and pore volume of 3.41 nm and
0.284 cm® g~ ', respectively. Among all the synthesized materi-
als, the highest surface area (85.0 m”> g~ ') was achieved at this
composition, which reflects the optimized and most suitable
composition for heterojunction formation. However, further

Mater. Adv.

increasing the Bi,S; content beyond 30% led to a significant
reduction in the BET surface area. Fig. 7(F) shows a BET surface
area of 17.9 m> g ' for CB40, with a corresponding pore
diameter and pore volume of 6.78 nm and 0.258 cm® g™,
respectively. This drastic reduction in surface area is attributed
to the particles’ agglomeration and non-uniform distribution of
the individual components of the heterojunction. These results
are in good agreement with the SEM images, where agglomera-
tion can clearly be observed. Overall, these findings reveal CB30
to be the most significant heterojunction, with the enhanced
surface area making it a superior catalyst for simultaneous
wastewater and energy production applications.

X-ray photoelectron spectroscopic (XPS) analysis was carried
out on the as-synthesized CB30 heterojunction before and after
light illumination in order to study the surface chemical
composition, occurrence of various chemical states and the
photocatalytic stability (Fig. 8 and Fig. S2). The full XPS spectra
of CB30 before and after illuminations show identical results
and confirm the presence of all elements (Ce, Sn, O, Bi and S) in
both samples (before and after light illuminations) (Fig. 8(A)
and Fig. S2(A)). These results confirmed the excellent stability
of the synthesized material under light illumination, which is a
crucial factor in the field of wastewater treatment and energy
production. Furthermore, high-resolution XPS analysis of the
individual elements was carried out in order to study the light-
induced chemical changes in the as-synthesized CB30 hetero-
junction (Fig. 8(B-F) and Fig. S2(B-F)). Particular attention was
paid to the cerium redox states (Ce**/Ce*") and the presence of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 N, adsorption—desorption isotherms of CeSnOs (A), CB5 (B), CB10 (C), CB20 (D), CB30 (E) and CB40 (F). BJH pore-size distributions are also

provided in the corresponding inset graphs.

oxygen vacancies in the as-synthesized CB30 heterojunction.
Moreover, the XPS results of certain elements (Ce, Sn and S)
showed a slight increase in binding energies after light illumina-
tion. This positive shift in binding energy is due to the
photoinduced charge redistribution®® in the CeSn0,/Bi,S; hetero-
junction. Overall, the formation and migration of charge carriers,
with dynamic Ce*"/Ce*" redox transition together with oxygen-
vacancy-related defect states, modify the electronic environment of
the surface atoms, resulting in a slight positive shift of the binding
energies for these elements (Ce, Sn and S).*>*°

High-resolution XPS analysis of the Ce 3d region in the as-
synthesized CB30 heterojunction was performed to evaluate the
various oxidation states of the Ce in the given sample. More-
over, the analysis was performed both before and after light
illumination in order to determine the photoinduced chemical
changes in cerium species. Fig. 8(B) shows that, before

Table 1 BET analysis of the as-synthesized CeSnOs, CB5, CB10, CB20,
CB30 and CB40 photocatalysts

S(sET) Pore Pore volume

Sample (m>g™) diameter (nm) (em® g™
CeSnOj 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

© 2026 The Author(s). Published by the Royal Society of Chemistry

illumination, the Ce 3d5/, spectrum could be deconvoluted into
three characteristic peaks. The first two peaks at 880.0 eV
(63.55%) and 885.0 eV (20.80%) are attributed to Ce** ions,
while the third, low-intensity peak at a binding energy of
888.0 eV (15.65%) is assigned to Ce*'. Overall, the surface is
dominated by the reduced Ce®* ions (84.35%). This suggests
that the perovskite possesses a defect-rich structure character-
ized by abundant electron-donating Ce®" sites and oxygen
vacancies associated with Ce’" species. Such an environment
is highly beneficial for electronic transport and efficient charge
separation in cerium-based compounds.

Fig. S2(B) shows a noticeable change in the Ce 3d peaks after
illumination. After light illumination, the dominant peak at
880.0 eV (before illumination) shifted to 882.0 eV (76.74%) and
was assigned to Ce*" species in the perovskite system. The
intensity of the second peak at 885.0 eV also decreased (3.97%).
Also, a positive shift in the third peak was observed; i.e., a shift
from 888.0 eV to 888.6 eV. The peak at a binding energy of
888.6 eV (19.29%) is assigned to the Ce*" oxidation state.
Quantitative analysis showed that Ce*" became dominant after
light illumination. The significant transformation of Ce*" —
Ce*" upon light illumination showed the photoinduced oxida-
tion of Ce*" ions, confirming the active participation of cerium
redox centers during the photocatalytic process. Furthermore,
the oxidation of Ce** to Ce*" shows efficient formation of
photogenerated electrons in the CeSnO; system upon light
illumination. This results in the formation of an internal
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Fig. 8 XPS analysis of the as-synthesized CB30 before illumination: full spectra (A), high-resolution spectra of Ce (B), Sn (C), O (D), Bi (E) and S (F).

electric field in the heterojunction system, and thus supports
the proposed S-scheme charge-transfer mechanism in the
CeSnO3/Bi,S; heterojunction. In the given system, the ce’t
sites act as electron reservoirs, and their conversion to Ce**
ions revealed the effective charge migration and inhibition of
electron-hole pair (e /h") recombination. More importantly,
the reversible Ce*'/Ce** transition suggests that cerium ions
remain redox-active and recyclable within the perovskite lattice.
This redox flexibility contributes to stable long-term photoca-
talytic activity by enabling continuous regeneration of active
sites, which, in turn, enhances photocatalytic degradation,
antimicrobial efficiency and solar-driven hydrogen evolution.
In addition, the combined effect of Ce*"/Ce*" redox cycling and
effective interfacial charge separation is a key factor behind the
enhanced multifunctional performance of the CB30 hetero-
junction system.*"*?

For Sn 3d, the XPS high-resolution spectrum showed two
distinct peaks at binding energies of 486.1 eV and 494.5 eV.
These peaks are assigned to the Sn 3ds,, and Sn 3d;/, spin-orbit
component of tin, respectively (Fig. 8(C)). Moreover, the occur-
rence of the peaks at the corresponding positions confirmed
that tin exists in the Sn>' state, consistent with the CeSnO;
perovskite structure. Quantitative analysis further confirmed
that Sn 3ds/, contributes 60.7% and the Sn 3d;,, contributes
39.3%, which are in good agreement with the spin-orbit
intensity ratio. These quantitative contributions further con-
firmed the stability of Sn** ions in the perovskite lattice.*®

The Sn 3d spectrum remained almost unchanged after light
illumination, with both peaks (486.1 eV and 494.5 eV) showing
minute shifts to the higher binding energy (~0.1 eV). After

Mater. Adv.

light illumination, the peaks appeared at 486.2 and 494.6 eV,
respectively (Fig. S2(C)). This small shift towards higher bind-
ing energies indicated the enhanced stability of Sn under light
illumination. Quantitative analysis confirmed that, after light
illumination, the peaks at 486.2 eV contributes 61.4% while the
second peak at 494.6 eV contributes 38.6%, which further
confirmed that the electronic environment of Sn remains
largely unaffected upon light exposure. Additionally, after light
illumination, no extra peaks were observed, showing that Sn
retains its Sn>" state, ultimately demonstrating its good
chemical stability during the photocatalytic process. These
results confirm that, unlike cerium (Ce), tin (Sn) does not
participate actively in redox recycling but remains a stable
component of the perovskite lattice. In the context of the
CeSnO03/Bi,S; heterojunction, upon light illumination, the
photogenerated holes (h') in the CeSnO; counterpart of the
heterojunction are predominantly regulated by the Ce**/Ce**
redox couple, while the Sn>" facilitates charge separation and
provides structural stability to the perovskite lattice.

In the case of the high-resolution O 1s XPS spectrum, three
distinct peaks were observed (Fig. 8(D)). The first peak at
529.2 eV (48.62%) is attributed to the lattice oxygen (Oy), the
second peak at 530.6 eV (34.91%) is assigned to oxygen vacan-
cies (Oy), while the third peak at a binding energy value of
532.1 eV (16.47%) is assigned to surface adsorbed oxygen (O,qs)-
The major contribution from the O;, confirmed a precise metal-
oxygen bonding in the CeSnO; perovskite and the related oxide
phase, as confirmed from the XRD, FTIR and HRTEM analyses,
showing the structural integrity of the synthesized material.
Furthermore, the presence of an appreciable amount of Oy

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(34.91%) revealed the inherently defect-rich structure of the
heterojunction material. The observed Oy results from the
imbalanced charging that arises from the different redox
states of the Ce ions (Ce**/C*"). These Oy play crucial roles
in charge-carrier separation (e /h'), surface reactivity and
adsorption of species, thereby enhancing the photocatalytic
efficiency. Besides Oy, and Oy, the O,q45 (16.47%) also plays an
important role and actively participates in the surface redox
reactions.**

Fig. S2(D) shows the XPS high-resolution spectrum of O 1s
after light illumination. The result clearly shows a modification
of the O 1s spectrum upon light illumination. The concen-
tration of Oy increased significantly to 71.26%, while the
concentration of Oy, reduced to 14.83% of the total oxygen.
The result demonstrates the significant production of Oy upon
light illumination inside the heterojunction. Similarly, the
reduction in Oy, concentration after light illumination revealed
the activation of the lattice oxygen and weakening of the metal-
oxygen network in the perovskite system, which is in close
conjugation with the oxidation of Ce*" to Ce*", as observed in
the Ce 3d XPS spectrum. Furthermore, the almost identical
contribution from O.qs (13.91%) after illumination revealed
that the involvement of these species in surface reactions
remains largely unaffected. Interestingly, the enhancement in
Oy upon light illumination strongly supports the redox recy-
cling of Ce** and Ce*" in the perovskite system, in which
photogenerated holes on the CeSnO; side drive the oxidation
of Ce*", with Oy forming simultaneously to preserve charge
balance. The generated Oy acts as an electron reservoir and
plays a significant role in peroxymonosulfate (PMS) activation
and the production of reactive oxygenated species (ROS),
including *OH, SO,*” and O,* . As a result, the combined
effect of Oy and reversible Ce**/Ce*" redox cycling potentially
contributes to the enhanced photocatalytic degradation, anti-
microbial performance and solar-driven hydrogen evolution.

Fig. 8(E) reveals the high-resolution Bi 4f XPS spectrum.
Prior to light illumination, two prominent peaks were observed
at binding energies of 157.2 (57.92%) and 162.6 eV (42.08%),
which were assigned to Bi 4f;,, and Bi 4fs,,, respectively. The
observed binding energies (157.2 and 162.6 €V) are character-
istic of Bi** in the Bi,S; system, which further confirms the
successful introduction of Bi,S; in the heterojunction system.*®
After light illumination (Fig. S2(E)), the main Bi 4f peaks
remain at nearly the same binding energies (157.2 eV and
162.6 eV), suggesting that the bulk electronic structure of
Bi,S; remains largely preserved during photocatalytic excita-
tion. However, two additional shoulder peaks emerge at
158.3 eV and 163.8 eV, which are attributed to surface-oxidized
bismuth species, such as Bi-O, Bi-OH, or Bi,03, formed due
to mild photoinduced surface oxidation. The quantitative
deconvolution further reveals that, after illumination, the
contribution of the original Bi,S; peaks decreases to 39.46%
(157.2 eV) and 27.14% (162.6 eV), while the newly formed
oxidized species account for 20.81% (158.3 eV) and 12.59%
(163.8 eV) (Fig. S2(E)), respectively. This redistribution
indicates that surface oxidation is limited and does not

© 2026 The Author(s). Published by the Royal Society of Chemistry
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dominate the Bi chemical environment, with the majority of
Bi remaining in the sulfide state even after illumination.

From a mechanistic perspective, these results provide strong
support for the S-scheme charge transfer mechanism. The
stability of the Bi,S; core peaks implies efficient electron
retention in the conduction band of Bi,S;, while photogener-
ated holes preferentially accumulate in CeSnOj;, as indepen-
dently confirmed by the pronounced Ce** — Ce*" conversion
and oxygen vacancy enrichment observed in the Ce 3d and O 1s
spectra. The minor surface oxidation of Bi,S; can be viewed as a
secondary interfacial phenomenon arising from reactive oxygen
species generated during photocatalysis, rather than detrimen-
tal bulk oxidation.

The high-resolution XPS S 2p spectrum for the CB30 hetero-
junction before illumination exhibits three well-defined peaks
at 161.8, 162.9, and 164.0 eV, confirming the presence of sulfur
species in different chemical environments (Fig. 8(F)). The
peaks at 161.8 eV (S 2ps/,) and 162.9 eV (S 2p4,) are character-
istic of sulfide ions ($*>7) in Bi,S;, while the higher binding
energy peak at 164.0 eV is attributed to surface-oxidized sulfur
species (S-O/S-OH). Quantitative peak deconvolution reveals
that the sulfide sulfur dominates the surface chemistry prior
to illumination, with percentage contributions of 46.87%
(161.8 eV) and 38.42% (162.9 eV), giving a total $>~ contribution
of 85.29% (Fig. 8(F)). Compared to sulfide sulfur (S%), the
surface oxidized sulfur only contributes 14.71% to the total
sulfur content, revealing the small amount of oxidation, which,
in turn, proves the structural stability of Bi,S; in the hetero-
junction system.*

Fig. S2(F) showed a small positive shift in all the S 2p peaks
upon light illumination. After light illumination, the corres-
ponding peaks were found at 162.5 eV (43.56%), 163.5 eV
(38.94%) and 164.6 eV (17.50%), respectively. Furthermore, it
was observed that the concentration of sulfide sulfur decreased
slightly (85.28% — 82.50%), while the concentration of oxi-
dized sulfur increased (14.71% — 17.50%) upon light illumina-
tion. These small modifications suggest that only surface
oxidized sulfur participates in the redox reaction, while the
bulk Bi,S; remains chemically stable during the photocatalytic
process. As mechanistic insight, these results strongly support
the proposed S-scheme charge-transfer mechanism, where the
photogenerated electrons are retained in the CB of Bi,S;, while
the photogenerated holes in the VB of CeSnO; promote surface
oxidation at the heterojunction interface.

The phenomenon of electron-hole pair (e /h*) recombina-
tion of the synthesized materials was further studied by photo-
luminescence (PL) recombination experiments. The results of
the PL recombination experiments, shown in Fig. S3(A),
revealed significant variations in electron-hole pair recombina-
tion rates among the synthesized samples. A high-intensity PL
peak was observed for the as-synthesized CeSnOj;, indicating
rapid recombination of e /h" in the synthesized sample. In
contrast, the different heterojunctions (CB5-CB40) showed a
significant decrease in PL intensities. The PL intensities
decreased consistently from CB5 to CB30 and then again
increased for the CB40 sample. The lowest PL intensity for
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CB30 indicates optimal charge separation and transfer in the
heterojunction system. The exceptional increase in PL intensity
for CB40 showed increased recombination of e /h" pairs, and
hence a decrease in the photocatalytic activity of CB40. The
results are in good agreement with degradation results
(Fig. 9(A)). The decrease in the PL intensities might be attrib-
uted to the development of the heterojunction, which facilitates
the charge separation and transfer, thereby decreasing the
electron-hole pair recombination rates.'” The superior perfor-
mance of CB30 relative to other photocatalysts can be attrib-
uted to its optimized compositional ratio, which promotes
efficient charge carrier dynamics while effectively suppressing
electron-hole pair recombination.*® These results are promis-
ing for the development of effective photocatalysts.

The formation of *OH through the photocatalytic procedure
was confirmed by photoluminescence (PL) analysis of the as-
synthesized CeSnOs;, Bi,S; and CB30 using terephthalic acid
(TA) as a probe molecule. The results of the PL analysis are
shown in Fig. S3(B). The PL spectra of the TA probe molecule
revealed significant enhancement upon *OH formation in the
CB30 heterojunction, as evidenced by the increased PL inten-
sity at approximately 425-430 nm. The interaction of light with
the synthesized materials results in the formation of *OH.
The generated *OH reacts with TA molecules and results in
the formation of 2-hydroxyterephthalic acid (HTA),” which
exhibits a characteristic PL peak in the given wavelength range
(eqn (1)-(6)). The formation of *OH followed the order CB30 >
Bi,S; > CeSnOs, showing a synergistic effect in the CB30

(A) 1.1
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heterojunction, enabling efficient charge separation and trans-
fer. The enhanced *OH formation in CB30 might be attributed
to enhanced e /h* pair separation and efficient generation of
ROS. The PL results suggest the use of CB30 heterojunction as a
superior photocatalyst, making it a promising material for
applications in wastewater treatment.

The charge-transfer resistance and the re-association rate of
charge carriers were further evaluated by electrochemical impe-
dance spectroscopy (EIS). Fig. S3(C) shows the EIS spectra of as-
synthesized CeSnO; and the different weight percent
perovskite-based heterojunctions (CB5-CB40). As shown in
Fig. S3(C), each sample exhibits a characteristic semicircle,
the diameter of which reflects the charge-transfer resistance
(Rc) at the electrode-electrolyte interface. Among the different
samples, the bare CeSnO; possesses the largest semicircle,
revealing the maximum R, which is attributed to the limited
electrical conductivity and fast electron-hole pair (e /h")
recombination in the CeSnO; system. Furthermore, a progres-
sive decline in R.. was observed upon the incorporation of Bi,S3
in the CeSnO; system, which demonstrates the enhanced
charge mobility and suppression of electron-hole pair (e /h")
recombinations. Among the different heterojunctions, the
smallest semicircle was observed for CB30. This clearly con-
firms its superior interfacial charge-transport capability and
the most efficient separation of photogenerated e /h'. The
improved conductivity and rapid electron migration in CB30
compared to the other photocatalysts (CeSnOs;, CB5, CB10,
CB20 and CB40) is attributed to its optimized heterojunction
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Fig. 9 Photocatalytic degradation of LN over CeSnO3, CB5, CB10, CB20, CB30 and CB40 (A), effects of CB30 dosage (B), initial LN concentration (C),
and HSOs™~ concentration (D), each with inset showing the corresponding kpp values. Experimental conditions: [LN]g = 200-1000 g L%, [catalystlg =

5-20 mg, Xe lamp (55 W), irradiation time = 100 min.
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structure, balanced composition and well-developed surface
characteristics. These synergistic features account for its excep-
tional photocatalytic activity. A further increase in Bi,S; loading
(CB40) results in a slight increase in R.. compared to CB30,
likely due to excess Bi,S; blocking active sites and hindering
charge movement. These results provide valuable insights into
the electrochemical behavior of the synthesized photocatalytic
materials, highlighting the benefits of the CB30 perovskite-
based heterojunction in suppressing recombination of the
generated electron-hole pairs and enhancing its photocatalytic
performance in the field of wastewater treatment. Furthermore,
the Nyquist plot of the CB30 electrode (Fig. S4), fitted using the
Rs(C||Rp)-Ws equivalent circuit, showed a characteristic semi-
circular arc followed by an inclined Warburg tail, revealing
charge-transfer resistance coupled with diffusion-controlled
mass transport. Where “Ry” is the solution resistance, “R,” is
the polarization resistance, “C” is the capacitance, and “W;” is
the Warburg impedance of CB30. The corresponding values of
the circuit elements, Ry, C, R, and W; are listed in Table 2. The
close overlap between the experimental and simulated impe-
dance responses confirms the suitability of the selected model
in perfectly describing the interfacial electrochemical pro-
cesses. This behavior shows efficient ionic conduction and
balanced charge-transfer kinetics within the electrode-electro-
lyte interface, highlighting the robust electrochemical perfor-
mance of the CB30 system.

The optical properties of the as-synthesized CeSnOj;, Bi,S;
and CB30 were studied using UV-vis diffuse reflectance spectro-
scopy (UV-vis DRS), and the corresponding bandgap energies
(E;) of these materials were determined using the Tauc
equation® (eqn (9)).

(ohv) " = ARy — Ey) 9)

where “A” is a constant, “h” is Plank’s constant, “E,” is the
band gap energy, “1/n” equals  for the allowed direct transi-
tion. The “o” is the absorption coefficient, which can be
obtained from the Kubelka-Munk equation as follows

(eqn (10)).
(10)

where “R” represents the absolute reflectance of the synthe-
sized materials, “k” is the molar absorption coefficient and “s”
is the scattering coefficient. The obtained diffuse reflectance
spectrum is converted into the Kubelka-Munk function (F(R)),
which is equivalent to the absorption coefficient («). Thus, the
left side of eqn (10) was modified as (F(R)av)"" and plotted
against the photon energy (Av). The corresponding spectra of
the synthesized materials were extrapolated to the x-axis to
obtain the band gap energy (E,) of the synthesized materials.

Table 2 Simulation results of the EIS fitting for the CB30 photocatalyst

RC-circuit element Rs (Q) C(F) R, (Q) WP

CB30 18.22 2.50 x 107° 73.92 0.95

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. S3(D) shows band gaps of 2.86 eV for CeSnO3, 1.33 eV
for Bi,S; and 1.42 eV for the CB30 heterojunction. The bandgap
energies of these materials confirmed their semiconductor
nature, with the heterojunction exhibiting an intermediate
bandgap energy. The E, of the CeSnO; decreased significantly
from 2.86 eV to 1.42 eV upon the incorporation of Bi,S; in the
CeSnOj; system. The reduction in the E, values of CB30 com-
pared to those of CeSnO; implies improved solar light absorp-
tion, potentially improving its photocatalytic performance
towards the degradation of LN in aquatic media. These results
highlight the importance of bandgap engineering in improving
optical features and offer insightful information about
potential applications of CB30.

The charge mobility and separation ability of the as-
synthesized materials were further examined by transient
photocurrent measurements. Fig. S5 shows the photocurrent
response of the as-synthesized CeSnO3z, CB10, CB20, CB30 and
CB40 heterojunctions. These findings revealed that all the
samples showed a positive response to light. A quick rise and
rapid decrease in photocurrent were noted when the light was
turned ON and OFF, confirming the reversible photoresponse
of the synthesized materials. From Fig. S5, a slight drop in the
current density can be observed within each light-on period;
however, the photocurrent returns to almost its original value
in the following cycles. This phenomenon shows that the slight
decline in current density does not account for material degra-
dation or structural instability under light illumination.
Instead, the observed small decline in photocurrent density
arises due to a temporary interfacial phenomenon, such as
charge build-up at the electrode-electrolyte interface*” or the
gradual stabilization of the photoelectrode surface under
repeated illumination.*®*® Among all the samples, the CB30
heterojunction shows the highest photocurrent density of
7.674 uA cm™ %, which is significantly higher than those of CB10
(3.292 pA cm ), CB20 (4.611 pA cm ™ ?), CB40 (5.821 pA cm™ %) and
especially pure CeSnOj; (1.501 pA cm ™ 2). The outstanding perfor-
mance of CB30 compared to other materials is attributed to the
enhanced charge-carrier separation and mobility upon light
illumination. Besides, the other materials show moderate
responses in photocurrent measurements, with CeSnO; showing
the least among all the materials. Overall, the photocurrent
measurements revealed that CB30 formed the most efficient
heterojunction, making it a superior photocatalyst for use in
wastewater purification and energy production applications.

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

The photocatalytic efficiency of as-synthesized CeSnO; and the
different weight percent CeSnO,/Bi,S; perovskite-based hetero-
junctions was determined in terms of LN degradation in
aqueous media. Furthermore, the photocatalytic degradation
of LN was also evaluated by optimizing various initial para-
meters, including catalyst optimization, pH optimization, PMS
optimization, and the effect of different water systems, and the
role of reactive species towards the LN degradation was also
evaluated.
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3.2.1. Photolysis of LN under simulated solar lamp. Photo-
lysis experiments conducted under simulated solar light
showed that LN is highly resistant to direct photodegradation,
with only 0.22% degradation observed after 100 min of irradia-
tion and a corresponding kp, 0f 0.00003 min~" (Fig. S6). The
enhanced stability of LN is due to its negligible solar light
absorption above 290 nm.” Overall, it is concluded that direct
photolysis is not an efficient way to degrade LN, likely due to its
stable molecular structure and the irradiation conditions being
used. These findings serve as the baseline for evaluating the
efficiency of alternative degradation strategies, such as photo-
catalytic degradation using our synthesized materials.

3.2.2. Photocatalytic degradation of LN by as-synthesized
CeSnO; and the CeSnO;/Bi,S; perovskite-based heterojunction.
The photocatalytic performance of the as-synthesized CeSnO;
and its heterojunction materials, ie.,, CB5-CB40, was system-
atically evaluated for the degradation of LN under simulated
solar light irradiations in aqueous media. As illustrated in
Fig. 9(A), under simulated solar light illumination for 100 min,
about 23%, 37.3%, 48.62%, 57.79%, 59.02% and 43.07% removal
of LN was observed for CeSnO;, CB5, CB10, CB20, CB30, and
CB40, respectively, with corresponding k,p, values of 0.0027,
0.0048, 0.0067, 0.0083, 0.0092 and 0.0061 min* (Fig. 9(A), inset).
The superior photocatalytic activity of CB30 towards LN degrada-
tion compared to the other materials is primarily ascribed to its
high specific surface area (~85 m® g '), oxygen-vacancy-rich
surface, Ce**/Ce** redox recycling-assisted charge regulation, high
concentration of *OH and effective suppression of e /h" pairs.
Based on its outstanding performance, CB30 was selected as the
most efficient photocatalyst for further investigations.

3.3. Evaluation of key operational parameters

3.3.1. Effect of initial catalyst loading [CB30],. Following
the identification of CB30 as the most effective photocatalyst,
the next objective was to determine its optimal dosage for
maximum photocatalytic performance. To this end, various
initial concentrations of CB30 (5-20 mg) were photocatalytically
tested against the target contaminant (LN) under simulated
solar light for 100 min. As shown in Fig. 9(B), the degradation
efficiency of LN increased significantly with increasing initial
catalyst amount from 5 to 15 mg. At a reaction time of 100 min,
about 62.17%, 66.41% and 70.71% removal was observed for 5,
10 and 15 mg, respectively, with corresponding k,, values of
0.0094, 0.0106 and 0.0117 min ™" (Fig. 9(B), inset). The observed
improvement in photocatalytic performance with increasing
CB30 dosage up to 15 mg is credited to the availability of a greater
number of active surface sites, which enhance photon absorption
and facilitate the generation of ROS.>" However, further increasing
the catalyst dosage to 20 mg led to a decline in photocatalytic
activity to 59.02% with a kyp, value of 0.0092 min~" (Fig. 9(B),
inset). This decline might be attributed to several factors: (i)
decreased light penetration due to increased turbidity, (ii) agglom-
eration of catalyst particles at higher concentrations, and (iii)
reduced light utilization efficiency as excess catalyst may shield
active sites from light exposure.>
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3.3.2. Effect of initial concentration of lindane [LN],. The
photocatalytic performance of the CB30 heterojunction was
also determined by varying the initial concentration of LN in
aqueous media in the range of 200-1000 pg L™ '. As shown in
Fig. 9(C), the photocatalytic performance of CB30 for LN
degradation slightly decreases regularly upon increasing the
initial concentration of LN in the aqueous media. About 75.7%,
73.4%, 70.7%, 62.4% and 57.8% degradation was achieved,
with corresponding k,pp, values of 0.0137, 0.0127, 0.0117, 0.0095
and 0.0078 min " for 200, 400, 600, 800 and 1000 pg L™ " of LN,
respectively (Fig. 9(C) and (C), inset). The decrease in percent
degradation upon increasing the initial concentration of LN
from 200-1000 pg L™" might be attributed to (i) saturation of
active sites of photocatalyst (CB30) and competitive adsorption
of a large number of lindane molecules, (ii) light attenuation
and reduced photon penetration, and (iii) competition between
the addition intermediates and undegraded LN molecules.”?

3.3.3. Effect of initial concentration of peroxymonosulfate
[HSO5 ]o. Fig. 9(D) shows the photocatalytic degradation of LN
by as-synthesized CB30 in the presence of HSOs; . For the
experiment, the concentration of CB30 was kept constant
(15 mg), while the concentration of HSO5~ was varied from
0.1 to 2.0 mM. The results revealed that increasing the initial
concentration of HSO5~ from 0.1 to 1.5 mM caused an enhance-
ment in the % degradation of LN from 74.55% to 93.21% under
simulated solar lamp for 100 min. The enhancement in the
percent degradation of LN upon increasing the initial HSO5™~
concentration is credited to the high concentration of reactive
species (*OH and SO,* ) formation, which facilitates faster and
more effective degradation of LN in aqueous media. However, a
slight decline in the degradation of LN was observed when the
HSOs~ concentration was further increased beyond 1.5 mM.
This decrease in percent degradation beyond the optimum
limit (1.5 mM) might be due to (i) quenching of *OH and SO,*~
by HSOs ", (ii) reaction between *OH and SO,*, (iii) reaction
between *OH and *OH, (iv) reaction between SO,*~ and SO,°*,
and/or (v) decreased penetration of light.>* The calculated kypp,
values for LN degradation were found to be 0.0138, 0.017,
0.0207, 0.0259 and 0.0215 min_ ' at HSO5  concentrations of
0.1, 0.5, 1.0, 1.5, and 2.0 mM, respectively (Fig. 9(D), inset).

Additionally, a detailed comparison of the photocatalytic
performance of the synthesized catalyst with previously
reported materials for lindane degradation is summarized in
Table S2.

3.3.4. Effect of pH of the medium on the photocatalytic
performance of the CB30/HSO;5  system. The photocatalytic
degradation of LN was also performed in media with three
different pH values (3.5, 6.5 and 9); the results are depicted in
Fig. 10(A). The results revealed that CB30/HSOs  worked effi-
ciently in all media, with more than 90% removal of LN within
100 min under the simulated solar lamp. About 95.67%,
93.21% and 90.56% removal was achieved within 100 min,
with k,p;, values of 0.0303, 0.0259 and 0.0227 min~ ", for pH 3.5,
6.5 and 9.0, respectively (Fig. 10(A), inset). The degradation of
LN was slightly favored in acidic media compared to neutral
and basic media, which is attributed to better adsorption and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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efficient formation of *OH and h* in acidic media, which, in
turn, increased the percent degradation of LN.>* In basic
media, the adsorption of LN was slightly more difficult owing
to the generated *OH being scavenged by “OH.*>® Hence, the
percent degradation decreased slightly in basic media. Overall,
the CB30/HSOs showed efficient degradation performance
towards LN across acidic, neutral and basic media, highlighting
its versatility and stability under a wide pH range. This revealed
that the synthesized material possesses robust photocatalytic
properties and can be effectively employed in diverse waste-
water conditions without significant loss in performance.

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

The photocatalytic activity of the CB30/HSOs  system was
further investigated in diverse water matrices, including dis-
tilled water (DW), tap water (TW), synthetic wastewater (SW)
and industrial water (IW) samples. The findings showed better
results for LN degradation in DW and TW compared to SW
and IW samples. The degradation of LN followed the order
DW > TW > SW > IW. In the case of LN, 93.21%, 91.43%,
77.56% and 70.43% degradation was achieved with corres-
ponding k,p,, values of 0.0259, 0.0236, 0.0144 and 0.0121 min ™"
under the simulated solar light illumination for 100 min
(Fig. 10(B), inset). The low degradation efficiency of LN in SW
and IW compared to DW and TW might be due to the presence
of interfering species, such as HCO;~, CO3>", SO,*>~, NO,>7,
and Cl7, which decreased the efficiency of the CB30/HSOs™

(A)1.1
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system. These ionic species act as scavengers for the
generated reactive radical species, such as *OH and SO,*,
thereby lowering the efficiency of the degradation process
(eqn (11)-(20))."

HCO;” +HO - CO;~ k=85x10°M 's ' (11)
HCO;™ +S0,” - CO;~ +S0,>  +H" k=35x10°M *'s?!

(12)

CO2" +HO — O +HO™ k=39 x 10°M 'gs!
(13)
CO.>” +S0,” = CO;~ +S0,>” k=421 x 10°M 's!
(14)

SO,2~ +HO — SO, +HO™ k=3.5x10°M 's!
(15)

S0, +50,” - $,08> +e k=271x10°M 's!

(16)

NO,>” + HO - NO,” +HO™ k=8.0x10°M 's!

(17)
NO,>” + S0, —» NO, +S0,>~ k=88x10°M s !
(18)
Cl” +HO —» CO, +CIOH  k=431x10°M ts?
(19)
Cl” +S0,” —» Cl+S0,2 k=26x10°M *'s?
(20)
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Fig. 10 Effects of initial solution pH on LN removal (A), photocatalytic degradation in different water matrices (B), role of reactive species in the CB30/
HSOs™ system (C), and stability of CB30 (D), each with inset showing the corresponding kapp values. Experimental conditions: [LN], = 600 pg L
[CB30]p = 15 mg, [HSOs571p = 1.5 mM, pH = 3-9, Xe lamp (55 W), irradiation time = 100 min.
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3.5. Identification of reactive species via scavenger study

To explain the photocatalytic mechanism and identify the
primary ROS responsible for the degradation of the selected
contaminant (LN), scavenger studies were conducted using
CB30/HSOs under simulated solar irradiation. Specific radical
quenchers were introduced to selectively inhibit the target
species: benzoquinone (BQ) for superoxide radicals (0,°*"),
silver nitrate (AgNO;) for photogenerated e, tertiary butyl
alcohol (TBA) for *OH, and ethanol (EtOH) for both *OH and
SO4*~.'7°® Each scavenger was added at a concentration of
5 mM, while maintaining the same photocatalytic conditions.
Fig. 10(C) shows 93.2%, 84.42%, 64.41%, 57.49% and 41.10%
degradation of LN for Blank, AgNO;, BQ, TBA and EtOH,
respectively, with corresponding k), values of 0.0259, 0.0184,
0.0095, 0.0088, and 0.0056 min ' (Fig. 10(C), inset). These
findings revealed that the degradation of LN followed the order
Blank > AgNO; > BQ > TBA > EtOH. The degradation data
clearly indicate that the addition of TBA and EtOH led to the most
significant reduction in degradation efficiency and kinetic rates of
LN, suggesting that *OH, SO,*~ and O, play dominant roles in
the photocatalytic removal of LN from aqueous media under light
illumination. The results of the scavenger study confirm that the
CB30/HSOs ™ photocatalytic system primarily operates through an
oxidative pathway dominated by *OH, SO,*~ and O,*  radicals.
Furthermore, the percentage contribution of each reactive gener-
ated species towards the degradation of LN was calculated using
eqn (21)-(24). The results showed 38.7, 7.3, 37.1% and 16.9%
contribution of *OH, SO,* ", 0,* and e, respectively, towards the
degradation of LN in aqueous media (Fig. S7).

Ruor = % x 100% (21)
Rsop = W x 100% (22)
Ros — % « 100% (23)
R = %:gm; x 100% (24)

3.6. Reusability and stability of the CB30 heterojunction

To assess the practical applicability of the as-synthesized CB30
heterojunction, its reusability and stability were assessed over
five successive degradation cycles for the photocatalytic degra-
dation of LN under simulated solar light illumination in
aquatic media for 100 min. After each cycle, the photocatalyst
was retrieved via centrifugation, washed thoroughly with dis-
tilled water and ethanol to remove surface-adsorbed residues,
and dried in a vacuum oven at 80 °C before reuse under
identical experimental conditions. As shown in Fig. 10(D), in
the photocatalytic degradation of LN, the CB30 retained photo-
catalytic activity in up to five consecutive cycles, with degrada-
tion efficiencies of 93.21%, 91.96%, 89.32%, 88.25% and
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86.12% and corresponding k., values of 0.0259, 0.0223,
0.0195, 0.0138 and 0.0124 min ', respectively (Fig. 10(D)).
The minor reduction in photocatalytic activity after each cycle
is primarily attributed to catalyst surface fouling, the accumula-
tion of intermediate degradation products that may block the
active sites, the reaction of intermediate chloride ions (formed
during LN degradation) with reactive radical species (*OH, SO,* ")
caused the formation of less reactive secondary radicals species,
and the loss of catalytic nanoparticles after each cycle.”””*® Over-
all, the results confirmed the structural robustness and opera-
tional stability of CB30, supporting its potential for repeated use
in solar-driven photocatalytic wastewater treatment.

3.7. Analysis of LN degradation products and proposed
degradation pathways

The photocatalytic degradation of LN was achieved using the
CB30/HSOs~ system. GC-MS analysis identified nine degrada-
tion products (DPs) for LN in the CB30/HSOs ™~ system. The DPs
were formed during interactions of the contaminant molecules
(LN) with ROS generated during the photocatalytic process. The
primary reactive species responsible for the degradation were
*OH and SO,* ", as confirmed by the radical scavenging experi-
ments (Fig. 10 (C)). The SO,*” mainly facilitated electron-
transfer reactions, while *OH attacked aromatic rings and
functional groups, promoting bond cleavage and the formation
of various intermediate species. In addition, photogenerated
electrons reduced molecular oxygen to superoxide radicals
(0,*7), and photogenerated holes oxidized water molecules to
yield additional *OH and directly oxidize the contaminants.’
These combined effects enhanced the degradation efficiency
and promoted complete mineralization of the selected con-
taminants. Based on the identified DPs and radicals, pathways
for the photocatalytic degradation of LN were proposed, as
shown in Scheme 2.

The degradation pathways of LN (m/z 290), shown in
Scheme 2, proceed through three routes (P-I, P-II and P-III)
under the influence of SO,*”, *OH and O,° . In Path-I, LN
undergoes dechlorination and aromatization to yield chloro-
benzene derivatives DP1 (m/z 254), which further dechlorinate
to generate DP2 (m/z 220). Path-II, initiates with the dehydro-
genation of LN and produces chlorobenzene intermediates DP3
(m/z 285), which, on dechlorination, generates DP4 (m/z 147). In
P-III, LN is directly hydroxylated to chlorophenols (DP5, m/z
197), further oxidized to trihydroxylated derivatives of DP6
(m/z 126) and then to DP7 intermediates (m/z 110) through
ring oxidation. Continued oxidative attack on DP7 leads to ring-
opening products, generating hydroxylated aliphatic intermedi-
ates (DP8, m/z 88). Finally, small dimethyl ketone (DP9, m/z 58)
is obtained via de-alcoholation of DP8. Collectively, the path-
way reflects stepwise dechlorination, hydroxylation and ring-
cleavage transformations, with DP9 representing the simplest
breakdown product. The appearance of these low-molecular-
weight products suggests extensive breakdown of the LN struc-
ture and likely mineralization to CO,.*’

Overall, the degradation pathways of LN highlight the
synergistic roles of SO,*~ and *OH along with O, in driving

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Proposed photocatalytic degradation pathways and intermediate degradation products (DPs) of LN under simulated solar light irradiation

using the CB30/HSOs~ system.

the efficient decomposition of LN in aqueous media. The
contribution of photogenerated charge carriers to generating
these radicals underscores the effectiveness of the CB30/HSO5~
photocatalytic system in degrading complex molecules such as
LN into smaller molecular structures.

3.8. Eco-toxicity evaluation of LN and its degradation
products

LN is a persistent organic contaminant of major concern due to
its toxicity and stability in aquatic systems. An eco-toxicity
assessment was carried out using the ECOSAR program. This

© 2026 The Author(s). Published by the Royal Society of Chemistry

assessment revealed that the parent contaminant LN and its
degradation products (DPs) showed different levels of toxicity,
with early DPs being more toxic than the later ones. Several
intermediates (DP1 and DP3) were more harmful than the
parent contaminant (LN). These findings also showed that
the later DPs (DP7-DP9) that are formed upon the continuous
attack of reactive radical species (SO,*”, *OH and O,°") are
essentially harmless (Fig. 11 and Table S3). According to the
European Union and Chinese classification standards,'””* LN,
along with its degradation products (DPs), pose risks to aquatic
organisms but at different levels. LN is moderately toxic, with

Mater. Adv.


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

Open Access Article. Published on 30 March 2026. Downloaded on 4/21/2026 8:12:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Materials Advances

I
1 . ) 1
: Fish Daphnia Algae :
I
I DP7 DP8 DP9 DP7 DP8 DP9 DP7 DP9 i
I - = | ppe < i
P 2 ° 2 > |1
& =Y & =1
I = 2 a 2 1
i | e 1
1 -:n e o0 S 1
: 2 LN pp2 | E| N DP2 | E | N DP1 DP2 % 1
= = = = ]
1 2 |oea DP5 5 DP4 opPs| i |ppa DP6| = :
: Very toxic Very toxic Very toxic :
1 I
: 1
: DP7 DP8 DP9 DP7 DP8 DP9 DP7  DP8 DP9 '
I
1 DP6 DP6 > 1
I o a 5 |
I - - A = :
[=1)] on [=V)]
| £ £ £ .
(2]
Izl op2 | = | N = | op2 P3| 2 |
i (@) @) (@) e 1
I DP4 DP5 DP4 DP5 DP5 DP6 | = :
1 o 1
: Very toxic Very toxic Very toxic :
1 1
1 I
1 1
1 i

Fig. 11 Predicted eco-toxicological profiles of LN and its degradation products (DPs) toward model aquatic organisms, as evaluated by the ECOSAR

computational model.

LCs, values of 2.24 mg L' for fish and 1.57 mg L' for
daphnia. Early-stage DPs of LN, such as DP1 and DP3, showed
severe toxicity, with LCs, values as low as 0.52 mg L™" and
0.08 mg L~ for fish, and 0.48 mg L™" and 0.06 mg L' for
daphnia, respectively. Green algae were also sensitive, with
ECs, values of 0.211 mg L™ for DP3. Chronic toxicity (ChV)
data confirmed this trend, as DP1 and DP2 of LN produced ChVv
values below 0.1 mg L ™" across all species. In contrast, the later
degradation products (DP7-DP9) of LN were essentially harm-
less. These findings highlight that LN is moderately toxic and
its early degradation products can pose greater ecological
threats. However, the later degradation products that are
formed after continuous attack of ROS are non-toxic/harmless
to aquatic organisms, including fish, daphnia and green algae.
Therefore, toxicity profiling of intermediates is essential for
evaluating the environmental safety of advanced oxidation
processes and ensuring complete mineralization or safe trans-
formation of contaminants during wastewater treatment.

3.9. Mechanistic insights into the photocatalytic degradation
of LN by the oxygen-vacancy-rich CeSnO;/Bi,S; perovskite-
based heterojunction

The proposed photocatalytic mechanism of CB30, supported by
radical quenching experiments, PL analysis and electrochemi-
cal characterizations, is illustrated in Scheme 3. Mott-Schottky
analysis (Fig. S8), confirmed that both CeSnOj; and Bi,S; exhibit

Mater. Adv.

n-type semiconductor behavior. The flat-band potentials (Eg,) of
CeSnO; and Bi,S;, obtained from their respective Mott-
Schottky plots, were —0.79 V and —1.196 V versus Ag/AgCl
(Fig. S8). These values were further converted into the normal
hydrogen electrode (NHE) scale using the standard equation
(eqn (25))," yielding a potential of —0.593 V for CeSnO; and -
0.96 V for Bi,S;. According to the literature,>"” the conduction
band (CB) edge for n-type semiconductor lies approximately
0.10-0.20 eV more negative than its Ep,, whereas for p-type
semiconductors the valence band (VB) edge is typically
0.10-0.20 eV more positive. Based on this principle, the CB
positions for CeSnO; and Bi,S; were estimated to be —0.693 eV
and —1.07 eV, respectively. Furthermore, the optical band gaps
(Eg), determined from UV-vis DRS analysis, were 2.86 eV for
CeSnO; and 1.33 eV for Bi,S; (Fig. S3(D)). Accordingly, the VB
positions were estimated to be 2.22 eV for CeSnO; and 0.26 eV
for Bi,S; using eqn (26).

E(NHE) = E(Ag/AgCl) + E° (25)

where “E(Ag/AgCl)”’ is actually the “Eg,” that is obtained from
the Mott-Schottky plots and E = 0.197 V.

Evg = Ecp + Eg (26)

Scheme 3 represents the photocatalytic mechanism of the
CB30 heterojunction, consisting of CeSnO; and Bi,S;

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Schematic of the proposed charge transfer and separation
photocatalyst under simulated solar light irradiation.

components. The photocatalytic mechanism of the CB30 het-
erojunction is driven by an S-scheme charge-transfer pathway,
which preserves the strong redox potential of photogenerated
charge carriers while enabling spatial charge separation. Upon
solar light illumination, both CeSnO; and Bi,S; are photoex-
cited and produce electron-hole pairs (e /h*) (eqn (27) and
(28)). The difference in Fermi levels between the two semicon-
ductors induces interfacial band bending and a built-in electric
field, which directs the selective migration of charge carriers.
Photogenerated electrons (e~) in the conduction band (CB) of
CeSnO; (—0.693 €V) recombine with holes (h*) in the valence
band (VB) of Bi,S; (0.26 eV) through oxygen vacancies (Oy),
which create defect energy levels within the bandgap of
CeSnO;, acting as interfacial recombination bridges.®® These
oxygen vacancies are mainly associated with the redox flexibility
of cerium ions within the CeSnO; lattice. During the synthesis
process, partial reduction of Ce*" to Ce®" can occur, which
requires the removal of lattice oxygen atoms to maintain charge
neutrality, thereby generating oxygen vacancy defects.®’ In
addition, the formation of the CeSnO;/Bi,S; heterojunction
may induce local lattice distortion and interfacial electronic
interactions that further facilitate the generation and stabili-
zation of these vacancies.®®® The resulting oxygen-vacancy
sites serve as effective electron-trapping centers, promoting
interfacial charge separation and enhancing the activation of
peroxymonosulfate during the photocatalytic process. This
selective recombination of e /h" leaves behind energetic

© 2026 The Author(s). Published by the Royal Society of Chemistry

mechanism at the CeSnOs/Bi,Ss heterojunction interface in the CB30

electrons in the CB of Bi,S; (—1.07 eV) and h" in the VB of
CeSnO; (2.2 eV) (eqn (29)).** Moreover, the photogenerated
electrons and holes are dynamically stabilized by the Ce®'/
Ce*" redox couple. Some of the photogenerated electrons in
the CB of CeSnO; are captured by Ce*" and reduce it to Ce**
ions (eqn (30)).%° Thus, the redox pairs (Ce** & Ce*") act as an
electron reservoir and play a crucial role in inhibiting electron-
hole pair recombinations by modifying the internal redox
capability of the catalyst. On the other hand, the photogener-
ated electrons in the CB of Bi,S; reduce the molecular oxygen
(0,) to the superoxide radical ion (0,°”) (eqn (31)), while the
photogenerated holes in the VB of CeSnO; oxidize H,O or
surface "OH and cause the formation of hydroxyl radicals
(*OH) (eqn (32) and (33)). Besides this, peroxymonosulfate
(HSO5 ") introduced into the reaction mixture is also activated
by photogenerated electrons in the CB of Bi,S;, causing the
formation of hydroxyl and sulfate radical ions (*OH and SO,*")
(eqn (36)).* Along with this, some molecules of HSO5;~ undergo
direct photolysis, leading to the formation of reactive radical
species (eqn (37))."” Together, these species (*OH, SO,*~ and
0,°7) act synergistically to achieve the efficient removal of LN
in aqueous media (eqn (34), (35) and (38)).

Besides pollutant degradation, the strong oxidative potential
of holes in the CeSnO; facilitates microbial membrane disrup-
tion and cellular inactivation, while the reducing electrons in
Bi,S; enable solar-light-driven hydrogen evolution by reducing
protons to H,."”” Thus, the proposed oxygen-vacancy-rich
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S-scheme CeSnO;/Bi,S; perovskite-based heterojunction,
coupled with robust Ce**/Ce*" redox cycling and HSO; ™, syner-
gistically enhances redox selectivity, interfacial charge separa-
tion and electron-hole pair recombination. This unique
combination of defect-mediated charge transfer and dynamic
redox buffering endows the heterojunction with exceptional
multifunctional photocatalytic performance, enabling efficient
persistent pollutant (LN) degradation, microbial inactivation
and solar-light-driven hydrogen evolution under environmen-
tally relevant conditions.

CeSnO; + v —» e~ +h' (27)
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Bi,S; + v - e~ +h' (28)
€(Cesno,) t h(Bizsa)Jr - €(Bi,s,) > h(CeSn03)+ (29)
Ce* +hv 2 Ce* +e” (30)

emis) 02— 0y (31)

hicesno,)’ + H,O - HO + H' (32)
h(CeSn03)+ +HO" — HO (33)

HO + LN — DPs (34)

0,” + LN — DPs (35)

C. albicans

C. albicans

Z01=19  ZOl=20

Fig. 12 Comparative evaluation of the antimicrobial activity against E. coli and C. albicans for the as-synthesized CeSnOs (A and B), Bi,Ss (C and D) and

the CB30 heterojunction (E and F).
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emi,s) + HSO;~ — SO, +HO (36)
HSOs + hv —> SO,  + HO (37)
HO/SO, + LN — DPs (38)

3.10. Antimicrobial activities analysis of the as-synthesized
CeSnO;, Bi,S; and CB30 heterojunction

In addition to chemical contaminants, the presence of various
microbes, such as bacteria and fungi, presents considerable
threats to aquatic life and human health. The presence of these
microbes in aquatic media can cause a series of problems,
including waterborne diseases and ecological imbalance. Effec-
tive strategies are thus highly crucial for controlling microbial
growth in aquatic media.

Fig. 12 shows the antimicrobial activities of the as-
synthesized CeSnO;, Bi,S; and CB30 heterojunction. The anti-
microbial activities of these materials were determined against
E. coli and C. albicans using the well-diffusion method. Details
of the methodology are supplied in Text S3. The findings
revealed that all the samples exhibit very good antimicrobial
activities against E. coli and C. albicans. The zones of inhibition
(zOI) measured for these samples provide quantitative evidence
of their efficiency towards microbial elimination, with detailed
data presented in Table S4. The average ZOI values recorded
against E. coli were found to be 16.5, 18.5 and 21.5 mm for
CeSnOg, Bi,S; and CB30, respectively. Similarly, for C. albicans,
the average ZOI values were found to be 17.5, 18.5 and 20 mm
for CeSnO;, Bi,S; and CB30, respectively (Table S3).

A comparative analysis of the ZOI values of CeSnOj;, Bi,S;
and CB30 reveals that the CB30 heterojunction exhibits a high
antimicrobial activity compared to CeSnO; and Bi,S;. The
enhanced antimicrobial activity of CB30 arises from the syner-
gistic effects of S-scheme heterojunction formation between
CeSnO; and Bi,S;, further amplified by oxygen-vacancy-induced
defect sites and dynamic Ce*'/Ce*" redox recycling, which
collectively promote ROS generation and microbial cell inacti-
vation. The enhanced performance of CB30 against E. coli and
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C. albicans confirmed its outstanding antimicrobial activity,
highlighting its potential application in microbial elimination
from aqueous media.

3.11. Photocatalytic H, production using the oxygen-vacancy-
rich CB30 heterojunction

The photocatalytic efficiency of the material towards hydrogen
production is highly influenced by the overpotential associated
with the hydrogen evolution reaction (HER). Materials that
possess less negative HER overpotential are considered ther-
modynamically and kinetically feasible for H, evolution. Linear
sweep voltammetry (LSV) analysis of the as-synthesized
CeSnOs, Bi,S; and CB30 heterojunction shows HER values of
—1.15 V, —1.07 V and —0.96 V against Ag/AgCl, respectively
(Fig. 13(A)). The less negative HER overpotential value of CB30
compared to the others makes it a superior catalyst for solar-
induced photocatalytic hydrogen evolution.

Fig. 13(B) shows the photocatalytic hydrogen evolution
catalyzed by the as-synthesized CB30 heterojunction under
simulated solar light irradiations. The photocatalytic hydrogen
evolution reactions were performed, and the samples were
collected at reaction times of 6, 9 and 12 h. The collected
samples were quantitatively analyzed using gas chromatogra-
phy (GC-2010 Pro, Shimadzu, Kyoto, Japan). The GC analysis
revealed H, concentrations of 12.2, 22.2 and 37.7 mmol.g !,
which are produced at reaction times of 6, 9 and 12 h,
respectively (Fig. 13(B)). The increase in the amount of H,
produced with time confirmed the excellent stability of the
synthesized material upon light illumination. The calculated
rates of hydrogen evolution under the same conditions were
found to be 2.03, 2.47 and 2.98 mm h™" g~ " for 3, 9 and 12 h of
reaction time, respectively (Fig. 13(B); inset). These results
demonstrate that the rate of hydrogen evolution increases
regularly upon light illumination. The enhancement in the rate
of hydrogen evolution is attributed to the activation of the
material surface and enhanced interfacial charge dynamics
upon light illumination.®®

In the area of hydrogen production, one of the most impor-
tant factors is the external quantum efficiency (EQE). EQE
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Fig. 13 Linear sweep voltammetry (LSV) curves of CeSnOs, Bi>Sz and CB30, illustrating their respective overpotential for the hydrogen evolution reaction
(HER) (A). Time-dependent photocatalytic H, generation over CB30 under solar light irradiation at 6, 9 and 12 h (B). Corresponding hydrogen evolution

rates (B; inset). External quantum efficiency (B).
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measures the fraction of incident protons that are effectively
converted into hydrogen molecules during the hydrogen evolu-
tion reaction. A higher EQE reflects more efficient solar to
chemical energy conversion, arising from improved charge
separation, which consequently enhances photocatalytic hydro-
gen evolution activity.®” In the current study, the EQE was
found to be 34.4%, 41.9% and 50.5% at reaction times of 6, 9
and 12 h, respectively (Fig. 13(B)). The results are quite inter-
esting as they show the enhanced efficiency of the as-
synthesized CB30 heterojunction for the effective solar-to-
chemical energy conversion, compared to other conventional
photocatalysts.

Overall, the photocatalytic hydrogen evolution experiments
demonstrate the effective use of the CB30 heterojunctions for
solar-induced H, production. The enhanced efficiency is attrib-
uted to the occurrence of oxygen vacancies, redox recycling of
Ce**/Ce*" and efficient heterojunction formation, which collec-
tively participate in interfacial redox reactions, making CB30 a
promising material for use in solar-induced H, production.

4. Conclusions

This work describes the synthesis of a highly porous and
multifunctional CeSnOs/Bi,S;, perovskite-based S-scheme het-
erojunction. The aim of this study was to achieve an efficient
multifunctional photocatalyst for simultaneous wastewater
treatment and hydrogen production. The synthesized material
was comprehensively analyzed by characterization techniques
including SEM, EDX, elemental mapping, TEM, HRTEM, SAED,
XRD, FTIR, UV-Vis DRS, PL, EIS, LSV, BET and XPS, which
confirmed the successful formation of the materials, including
the presence of abundant oxygen vacancies and mixed
Ce**/Ce™* oxidation states, which play a critical role in charge
transfer and redox processes. Among the synthesized materials,
the CB30 (30% heterojunction of CeSnO; and Bi,S;) exhibited
superior photocatalytic performance, achieving 70.7% degrada-
tion of lindane (600 pug L™ ") in aqueous media under simulated
solar light in 100 min. The photocatalytic efficiency of CB30 was
synergistically enhanced by the introduction of HSO5™ in the
reaction medium, achieving 93.2% degradation of LN at a
reaction time of 100 min with corresponding k., values of
0.0259 min~". The CB30 heterojunction also exhibits signifi-
cant antimicrobial activity against E. Coli and C. albicans, with
average ZOI values of 21.5 and 20 mm, respectively. The out-
standing performance of CB30 is attributed to the successful
formation of the heterojunction with a high surface area
(~85 m?> g™ ) that enables efficient charge separation, inhibi-
tion of electron-hole pair recombination, and the formation of
high concentrations of *OH, further reinforced by oxygen-
vacancy-induced defect states that facilitate interfacial charge
migration and selective recombination of low-energy charge
carriers. The optical and photo-electrochemical analyses reveal
that the CB30 follows an S-scheme charge-transfer mechanism,
as supported by Mott-Schottky, UV-Vis DRS, PL and EIS results.
This S-scheme configuration preserves the strong redox
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potential on both sides of the heterojunction, while the Ce®'/
Ce** redox couples act as electron reservoirs, capturing and
releasing photogenerated electrons to enhance redox capacity
and sustain continuous charge transport. Electrons in the CB of
Bi,S; efficiently reduce O, to O,* and protons to H,, while
holes in the VB of CeSnO; oxidize H,O/  OH to generate *OH.
Along with these, the highly reactive SO,*" is also formed upon
the incorporation of HSO5™ in the CB30 system. The generated
radical species attacked the target contaminants and caused
their successful elimination from aqueous media. Radical
scavenging experiments revealed hydroxyl (*OH), superoxide
(0,°7) and sulfate (SO,* ) radicals as the major reactive species
responsible for the contaminant’s degradation in the aqueous
media. In addition, the CB30 heterojunction showed excellent
potential for solar-to-chemical energy conversion, producing
12.2, 22.2 and 37.7 mmol g ' of H, with the EQE values of
34.4%, 41.9% and 50.5% at reaction times of 6, 9 and 12 h,
respectively, benefiting from oxygen-vacancy-assisted charge
separation and Ce®*/Ce** redox recycling that maintain long-
lived, highly reactive charge carriers.
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