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Construction of novel Mng 5Cdg 5S/BiOCL S-scheme
heterojunction for ciprofloxacin degradation:
mechanism and mineralization
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The persistence of fluoroquinolone antibiotics such as ciprofloxacin (CIP) in aquatic environments poses
serious environmental and public health risks due to their recalcitrance to conventional wastewater
treatment processes. In this work, a novel MngsCdgsS/BIOCL (MCS/BIOCl) core—shell S-scheme
heterojunction photocatalyst was rationally constructed for efficient visible-light-driven degradation and
mineralisation of CIP. Mng5CdgsS nanoparticles were synthesised via a facile hydrothermal route and
subsequently anchored onto layered BiOCl nanosheets using a green, solvent-free mechanochemical
method, ensuring intimate interfacial contact and abundant heterojunction interfaces. Comprehensive
structural, morphological, and surface analyses confirmed the successful formation of the
heterostructure, while optical and electrochemical studies revealed enhanced visible-light absorption,
suppressed charge recombination, reduced charge-transfer resistance, and an S-scheme band
alignment. Under visible-light irradiation, the MCS/BIOCl composite exhibited markedly improved
photocatalytic performance toward CIP degradation (92.3% removal) with a pseudo-first-order rate

constant of 0.0221 min~?

, outperforming the individual components. Total organic carbon analysis
demonstrated significant mineralisation, and photogenerated holes, superoxide radicals, and hydroxyl
radicals were confirmed as the dominant reactive species, consistent with the proposed S-scheme
charge-transfer mechanism. Furthermore, the composite showed promising performance in real
wastewater matrices, highlighting its robustness. This study demonstrates that integrating Mn—CdS alloy
nanoparticles with layered bismuth oxyhalides via a scalable, solvent-free approach is an effective

method for designing high-performance photocatalysts for the remediation of pharmaceutical pollutants.

The widespread use of fluoroquinolone antibiotics, such as ciprofloxacin, in aquatic systems poses a significant environmental and public health threat,

contributing to the spread of antimicrobial resistance and ecological imbalance. Conventional treatment technologies are often ineffective, transferring
pollutants to secondary waste streams rather than mineralising them. In this study, we designed a stable Mn, 5Cd, sS/BiOCI S-scheme heterojunction photo-
catalyst that harnesses visible light to efficiently degrade ciprofloxacin into harmless end products. The catalyst not only achieved rapid degradation but also
demonstrated excellent recyclability, underscoring its potential for sustainable water purification. By combining effective light harvesting, enhanced charge
separation, and a high redox potential, this work offers a practical, environmentally benign strategy for mitigating pharmaceutical pollution in water systems.

1 Introduction

effluents, and even drinking water sources due to their extensive
consumption, incomplete metabolism in humans and live-

The occurrence of pharmaceutical residues in aquatic envi-
ronments has become a growing concern for both environ-
mental and public health in recent years.” Among these
contaminants, fluoroquinolone antibiotics such as ciprofloxa-
cin (CIP) are frequently detected in surface water, wastewater
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stock, and strong resistance to conventional wastewater treat-
ment processes.>” The persistence of CIP in aquatic systems
can disrupt microbial communities and, more critically,
contribute to the development and proliferation of
antimicrobial-resistant bacteria, which poses serious ecolog-
ical, societal, and economic risks.®®* Consequently, there is
a growing demand for advanced water-treatment technologies
capable of effectively degrading such recalcitrant pharmaceu-
ticals into environmentally benign end-products under energy-
efficient and cost-effective conditions.
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Semiconductor-based photocatalysis has emerged as
a promising advanced oxidation process for removing persis-
tent organic pollutants due to its ability to generate highly
reactive oxygen species (ROS) under light irradiation.”*® Among
various photocatalytic materials, bismuth oxyhalides have
attracted considerable attention, with bismuth oxychloride
(BiOCl) standing out due to its layered matlockite crystal
structure, intrinsic internal electric field along the {001} facets,
good chemical stability, and low toxicity.'»** These features are
favourable for charge separation and surface redox reactions.
However, pristine BiOCl is characterised by a relatively wide
band gap, limited visible-light absorption, and rapid recombi-
nation of photogenerated electron-hole pairs, which severely
restricts its photocatalytic performance under solar or indoor-
light irradiation.”»* To address these inherent drawbacks,
several modification strategies have been explored, including
defect engineering, facet control, cocatalyst loading, and the
construction of heterojunctions with other semiconductors to
enhance light harvesting and charge separation efficiency.

Cadmium sulfide (CdS) is a typical visible-light-responsive
semiconductor with a suitable band gap for solar-energy uti-
lisation and a conduction-band position sufficiently negative to
activate molecular oxygen.” Despite these advantages, the
practical application of CdS is hindered by serious photo-
corrosion and fast charge recombination.'® Recently, alloy
engineering through cation substitution has been demon-
strated as an effective approach to regulate the electronic
structure, improve photostability, and optimise charge
dynamics of sulfide semiconductors.”” In particular, the
formation of Mn-CdS solid solutions can tailor band structures,
introduce favourable defect states, and suppress photo-
corrosion by modifying surface reaction pathways.'®'® When
such sulfide phases are intimately coupled with layered photo-
catalysts such as BiOCl, a synergistic system can be achieved
that combines strong visible-light absorption with efficient
spatial charge separation and abundant interfacial active sites.

Beyond conventional type-II heterojunctions, S-scheme (step-
scheme) heterojunctions have recently gained attention as an
advanced photocatalytic architecture due to their ability to retain
charge carriers with strong redox potentials. In an S-scheme
system, the photogenerated electrons and holes with weaker
redox ability recombine across the interface, while the electrons
with higher reduction potential and holes with stronger oxida-
tion ability are preserved in their respective semiconductors.?*>*
For a sulfide/BiOCIl system, this configuration enables the accu-
mulation of highly reducing electrons on the sulfide component
and strongly oxidising holes on BiOCl, thereby facilitating the
generation of reactive species such as superoxide (‘O,") and
hydroxyl radicals (‘OH).>*** The realisation of an efficient S-
scheme heterojunction depends critically on appropriate band
alignment, strong interfacial electric fields, and intimate inter-
facial contact, which can be achieved through rational compo-
sition design and controlled assembly strategies.

Herein, we report the construction of a novel Mn, 5Cd, S/
BiOCl (MCS/BiOCl) S-scheme heterojunction for the efficient
photocatalytic degradation of CIP. Mn,;Cd,sS nanoparticles
were synthesised via a facile hydrothermal method and
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subsequently anchored onto BiOCl nanosheets using a green,
solvent-free mechanochemical process, which ensures intimate
interfacial contact and abundant clean heterojunction interfaces.
The resulting composite integrates the broad visible-light
absorption of the Mn-CdS alloy with the layered BiOCI scaffold,
effectively suppressing charge recombination and enhancing
interfacial charge transfer. Comprehensive structural, optical,
and electrochemical characterisations confirm the successful
formation of the heterojunction and an S-scheme band config-
uration. The MCS/BiOCl composite exhibits markedly enhanced
visible-light-driven photocatalytic degradation of CIP, with good
stability and reusability. Radical scavenging experiments identify
superoxide and hydroxyl radicals as the dominant reactive
species. This work presents a rational design strategy for con-
structing efficient S-scheme heterojunction photocatalysts for the
remediation of pharmaceutical pollutants and provides mecha-
nistic insights into the roles of band alignment and interfacial
electric fields in ROS-driven photocatalytic processes.

2 Experimental
2.1 Chemicals

All reagents were purchased from Merck (analytical grade) and
used as received without further purification. The following
were employed in the syntheses: bismuth(u) nitrate penta-
hydrate (Bi(NO;);-5H,0, =98%), potassium chloride (KCl,
=99%), manganese(u) acetate tetrahydrate (Mn(CH3;COO),-
-4H,0, =99%), cadmium(u) acetate dihydrate (Cd(CH3COO),-
-2H,0, =99%), thiourea (CH4N,S, =99%), and absolute ethanol
(=99.8%). For photoelectrochemical measurements, sodium
sulfate (Na,SO,, =99%) was used as the electrolyte. Where
applicable, slurries were prepared with PVDF/NMP and coated
onto a fluorine-doped tin oxide (FTO) substrate.

2.2 Synthesis of Mn, ;Cd, sS nanoparticles

Mn, 5Cdy sS nanoparticles were synthesised via a one-pot
hydrothermal method.?® In a typical procedure, manganese()
acetate tetrahydrate (Mn(CH3;COO),-4H,0, 1 mmol, 245.1 mg)
and zinc(u) acetate dihydrate (Zn(CH;COO),-2H,0, 1 mmol,
219.5 mg) were dissolved in 30 mL of deionised water under
magnetic stirring to obtain a homogeneous precursor solution.
Thiourea (CH4N,S, 4 mmol, 304.5 mg) was then added as the
sulfur source, and the mixture was stirred for an additional 30
minutes at room temperature. The resulting clear solution was
transferred into a 50 mL Teflon-lined stainless-steel autoclave,
sealed, and heated at 180 °C for 12 hours under autogenous
pressure. After natural cooling to room temperature, the yellow
precipitate was collected by centrifugation (4000 rpm, 10 min),
washed thoroughly with deionised water and ethanol to remove
residual ions and organics, and dried at 60 °C overnight under
ambient conditions.

2.3 Synthesis of BiOCI nanosheets

BiOCl nanosheets were synthesised via a hydrothermal
method.>” Bismuth nitrate pentahydrate (Bi(NOj3);-5H,0,
1.0 mmol, 485.0 mg) was dissolved in 10 mL of deionised water

© 2026 The Author(s). Published by the Royal Society of Chemistry
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under continuous stirring. Separately, potassium chloride (KCl,
1.0 mmol, 74.6 mg) was dissolved in 20 mL of deionised water.
The two solutions were then combined under vigorous stirring,
forming a uniform suspension. The mixture was stirred for an
additional 30 minutes at room temperature to ensure complete
mixing. The resulting suspension was transferred to a 50 mL
Teflon-lined stainless-steel autoclave, sealed, and heated at
180 °C for 12 hours. After natural cooling to room temperature,
the white precipitate was collected by centrifugation, washed
thoroughly with deionised water and ethanol to remove residual
ions, and dried at 60 °C overnight.

2.4 Synthesis of Mn, ;Cd, 5S/BiOCI heterojunction

The Mn, 5Cd, 5S/BiOCl heterojunction was fabricated through
a solvent-free mechanochemical method. In a typical proce-
dure, BiOCl powder (1.0 g) was mixed with Mn, 5Cd, sS (MCS,
30 wt% relative to BiOCl, ie., 0.30 g) and transferred into
a zirconia milling jar containing zirconia balls, maintaining
a ball-to-powder mass ratio of 10 : 1. The mixture was subjected
to high-energy ball milling at 400 rpm for 2 hours using a cyclic
milling protocol (10 min on/5 min off) to prevent overheating
and preserve crystallinity. After milling, the resulting yellowish
composite powder was collected and stored in a desiccator for
further characterisation and photocatalytic testing. The as-
prepared material is denoted as Mn, 5Cd, 5S/BiOCl.

2.5 Photocatalytic degradation of ciprofloxacin experiment

Photocatalytic tests were conducted in a 100 mL Quartz reactor
equipped with a magnetic stir bar and an external recirculating
water bath to maintain an ambient temperature of 25 + 2 °C,
with illumination provided by a 50 W white LED array posi-
tioned ~10 cm from the reactor at a horizontal incidence. In
a typical run, 50 mL of a 5 mg L™ " CIP solution was added to the
reactor with 50 mg of catalyst, and the suspension was stirred at
approximately 600 rpm while being purged with air for 10
minutes to ensure adequate dissolved oxygen availability. The
initial pH was left unadjusted unless otherwise stated. Prior to
illumination, the catalyst-pollutant mixture was equilibrated in
the dark for 30 min to establish adsorption-desorption equi-
librium, with the concentration at the end of this period taken
as C, for kinetic calculations. Photocatalysis was then con-
ducted for 90 min under continuous 50 W LED irradiation,
during which ~3 mL aliquots were withdrawn every 15 min,
immediately filtered through a 0.22 pm PTFE membrane to
remove catalyst particles, and analysed by UV-vis spectroscopy.
Concentrations were determined from a calibration curve
prepared with standard CIP solutions, using absorbance at
277 nm, and the residual concentration was expressed as C,/
Co=A,/Aq, assuming a linear relationship between absorbance
and concentration. Apparent pseudo-first-order kinetics were
calculated using In (Cy/C,) = k x t, where k is the observed rate
constant, and ¢ is the irradiation time. Control experiments
were performed without light or a catalyst to account for
photolysis and adsorption effects. For reusability tests, the
spent catalyst was recovered by centrifugation, washed with
deionised water and ethanol, dried at 60 °C, and reused under

© 2026 The Author(s). Published by the Royal Society of Chemistry
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identical conditions, with activity retention expressed as the
ratio of k£ in subsequent cycles to that in the first cycle. A Shi-
madzu TOC-V analyser was employed to quantitatively evaluate
the degree of CIP mineralisation both before and after the
photocatalytic reaction.

2.6 Determination of reactive oxygen species

The contribution of different reactive oxygen species (ROS) to
CIP degradation was investigated through radical scavenging
experiments. p-Benzoquinone was employed as a scavenger for
superoxide radicals (O,7), ethylenediaminetetraacetic acid di-
sodium salt (EDTA-Na) was used to quench photogenerated
holes (h"), and isopropanol (IPA) was applied as a hydroxyl
radical (OH) scavenger.”® In each test, the desired scavenger
was added to the photocatalytic reaction mixture at an opti-
mised concentration prior to illumination, while all other
experimental conditions were maintained as identical as
possible to the standard photocatalytic run. The inhibition
effect on CIP degradation was evaluated by comparing the
degradation efficiency and apparent rate constants (k) in the
presence of each scavenger with those from the control experi-
ment without scavengers, thereby identifying the predominant
ROS involved in the photocatalytic process.

3 Results and discussion

3.1 Structure and morphology

The diffraction pattern of the Mn, 5Cd, 5S/BiOCl heterojunction
shows reflections from both parent lattices without extra peaks
from secondary phases, indicating that the heterostructure
retains the crystal structures of Mn, 5Cd, sS and BiOCl without
the formation of a new crystalline phase confirming that the
composite is formed by physical coupling rather than by a new
compound (Fig. 1a). The BiOCl component matches the
tetragonal matlockite phase (P4/nmm), with dominant (001) and
(002) basal reflections at low angles (~12° and ~25° 26, Cu Ka),
and higher-angle peaks assignable to (110)/(101), (102), (112)
and (200), consistent with preferential exposure of {001} fac-
ets.” The sulfide phase is indexed to hexagonal wurtzite CdS-
type reflections (100) 24.8°, (002) 26.5°, (101) 28.2°, (102)
36.7°, (110) 43.8°, (103)/(112) 47-52° but with slight peak shifts
to higher 20 compared with pristine CdS, indicative of lattice
contraction due to substitution of smaller Mn** for Cd** and
thus formation of a solid solution rather than a simple physical
mixture.*® Peak broadening of the Mn, 5Cd, 5S reflections rela-
tive to BiOCl points to nanoscale crystallites and interfacial
microstrain, in line with the SEM observation of nanograins
decorating BiOCl nanosheets.*® The preservation of BiOCI
lattice parameters (no systematic shift of its (00l) spacings)
suggests negligible Cd/Mn incorporation into BiOCl, while the
coexistence of sharp BiOCl peaks and broadened alloy peaks
evidences intimate contact between a well-crystallised 2D host
and ultra-fine sulphide domains. Collectively, the XRD results
verify the phase purity of the heterojunction and support the
microstructural picture required for efficient interfacial charge
separation.

Environ. Sci.: Adv.
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Fig.1 (a) XRD spectra of MCS, BiOCl and MCS/BiOCL; SEM images of (b) MCS (c) BiOCl (d) MCS/BiOCL; TEM images of (e) MCS (f) BiOCl (g) MCS/

BiOCL

The FE-SEM image confirms that Mn, sCd, sS nanoparticles
are intimately anchored on the surfaces and edges of plate-like
BiOCI. The BiOCI forms stacked, faceted nanosheets with lateral

Environ. Sci.. Adv.

dimensions of several hundred nanometres (Fig. 1c), while the
Mn, sCd,sS appears as nearly isotropic nanograins (tens of
nanometres) that decorate the {001} facets and step edges, with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a slightly higher density at ridge/edge sites (Fig. 1b). This
conformal decoration produces abundant, clean hetero-
interfaces and percolating interparticle contacts without
obscuring the lamellar BiOCl morphology (Fig. 1d). Such inti-
mate junctions, together with the strong contrast in work
function between BiOCIl and Mn-doped CdS, are expected to
generate a built-in electric field and band bending across the
contact, facilitating directional carrier separation (commonly
discussed as an S-scheme for BiOCI/CdS couples: electrons
retained on Mn-CdS for reduction, holes on BiOCI for oxida-
tion) while providing high densities of active edge/grain-
boundary sites. The nanoscale dispersion of Mn, 5Cd 5S also
increases visible-light harvesting relative to pristine BiOCI,
whereas the two-dimensional BiOCl scaffold helps suppress
hard agglomeration and short diffusion pathways. Overall, the
observed architecture is consistent with a robust Mn 5Cd, 5S/
BiOCI heterojunction designed to promote interfacial charge
separation and accelerate surface redox reactions.

The chemical composition of the synthesised BiOCI,
Mn, sCdysS and Mn, ;Cd, 5S/BiOCl was qualified by X-ray
photoelectron spectroscopy. The survey XPS spectra for all the
materials are displayed in Fig. 2a, which are adjusted by the C 1s
peak (284.8 eV). All the elements (Bi, O, Cl, Mn, Cd and S) are
detected in the composite Mn, 5Cd, 5S/BiOCl, confirming the
successful preparation of the material. The characteristic peaks
of BiOCl observed in the pure BiOCl and the composite are Bi
4p, Bi 4f, Bi 4d and Cl 2p. In the magnified Bi 4f spectrum
shown in Fig. 2b, the two peaks at 164.9 eV and 159.7 €V in the
pristine BiOCl are ascribed to Bi 4fs, and Bi 4f,, of Bi*",
respectively.*” These peaks exhibited a shift to lower binding
energy in the MCS/BiOCl composite, indicating electron trans-
fer between BiOCl and MCS. A similar negative shift in binding
energies was observed in the Cl 2p peaks found at 199.9 eV and
198.4 eV corresponding to CI 2p;/, and Cl 2ps/,, respectively,*
found in the BiOCl only, which shifted to 199.7 eV and 198.2 eV
in the composite (Fig. 2c). Additionally, positive shifts in the
binding energies of the characteristics of MCS in the composite
confirmed an interaction between MCS and BiOCI, resulting in
the formation of a heterojunction. For example, in Fig. 2d, the
binding energies of Mn 2p found at 652.6 eV and 641.6 eV,
corresponding to Mn 2p,,, and Mn 2pj3,, respectively,” in the
MCS shifted to 652.8 eV and 641.8 eV in the composite. The
peaks at 411.9 eV and 405.1 eV assigned to Cd 3dj, and Cd
3ds,,, respectively,®* also showed a positive shift in the
composite (Fig. 2e). The changes in the binding energies of both
BiOCl and MCS in the MCS/BiOCl system indicate the flow of
electrons from MCS to BiOCI, resulting in the formation of
a heterojunction that is practical for photocatalytic reactions.

3.2 N, adsorption-desorption

All samples display mesoporous isotherms measured at 77 K,
but with clear morphology-dependent signatures (Fig. 3). BiOCl
shows a type-IV isotherm with a pronounced H3 hysteresis loop,
characteristic of non-rigid aggregates of plate-like particles that
generate slit-shaped interlayer pores fully consistent with the
stacked-nanosheet SEM.*®* The overall uptake is modest,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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reflecting the strong restacking of sheets and the correspond-
ingly low specific surface area. Mn,;Cd,sS (MCS) presents
a type-1V isotherm with a broader H2-like hysteresis, indicative
of disordered mesopores formed at the contacts of agglomer-
ated nanograins; its higher uptake corresponds to a larger Sggr
and pore volume than BiOCl. The MCS/BiOCl heterojunction
combines these features: a type-IV isotherm with an H3 loop
dominated by the lamellar host but with increased uptake
relative to pristine BiOCl, evidencing that MCS nanograins
mitigate sheet restacking and introduce additional inter-
particulate voids. BJH pore-size distributions for all materials
are centred in the mesopore regime (~4-20 nm) with negligible
microporosity, where BiOCl exhibits mainly slit-like pores
between sheets, MCS shows broader intergranular mesopores,
and the composite inherits a hierarchical pore system (slit-like +
interparticle). This evolution in texture, BiOCl (lowest area) <
MCS/BiOCl < MCS (highest area), is favourable for
photocatalysis/electrocatalysis, as it increases accessible active
sites and facilitates mass transport while preserving the inti-
mate heterointerfaces required for efficient charge separation.

3.3 Optical absorption and band gaps

As shown in Fig. 4a, diffuse-reflectance spectra exhibit a steep
edge for BiOCl in the near-UV (approximately 370 nm), consis-
tent with a wide-gap oxide-halide that absorbs weakly in the
visible range. By contrast, Mn, 5CdysS (MCS) exhibits strong
visible absorption with an edge of approximately 585 nm. The
MCS/BiOCl composite inherits the visible response of MCS and
exhibits uniformly higher absorbance ca. 625 nm, indicating
more effective light harvesting together with mild tailing
attributable to interfacial/defect states. Tauc plots yield band
gaps of 3.27 eV for BiOCI and 1.99 eV for MCS (Fig. 4b); the
composite follows the narrower MCS gap, consistent with
physical coupling rather than formation of a new bulk phase.

Mott-Schottky plots exhibit positive slopes for both semi-
conductors, confirming n-type behaviour. Extrapolation gives
flat-band potentials of Eg,(BiOCl) = —0.21 V and Eg,(MCS) =
—1.01 V (vs. RHE at the measurement pH). For n-type materials,
the conduction-band edge is close to the flat band, so we take
Ecp(BiOCl) = —0.21 V and Ec(MCS) = —1.01 V. Using the
optical gaps above, Eyg(BiOCI) = Ecg + E; = +3.06 V, and Eyg(-
MCS) = +0.98 V (all vs. RHE). This alignment is highly favour-
able for an S-scheme heterojunction: upon contact, Fermi-level
equilibration creates an internal field such that, under illumi-
nation, the lower-energy electrons in BiOCl's CB recombine
across the interface with the lower-energy holes in MCS's VB.**
The high-energy electrons are retained on MCS (—1.01 V),
sufficiently negative to reduce O, to O,~, while strongly oxi-
dising holes remain on BiOCl (+3.06 V), positive enough to
generate OH from H,O. Thus, the junction preserves the
carriers with the greatest redox power. Fig. 4c shows the band
alignment.

Nyquist plots are well described by a Randles circuit (Re—(R./|0
Ca)) (Fig. 4d). The semicircle diameter, a proxy for charge-transfer
resistance, decreases markedly in the order BiOCl > MCS > MCS/
BiOCl. From the arc spans, R.. = 1.5-1.6 kQ (BiOCl), 0.7-0.8 kQ

Environ. Sci.: Adv.
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Fig. 2 (a) XPS survey spectra of MCS, BiOCl and MCS/BiOCL. High resolution XPS scan spectra of (b) Bi 4f (c) Cl 2p (d) Mn 2p (e) Cd 3d.

(MCS), and only 60-90 ©Q (MCS/BiOCl). This 10 times reduction in
the composite evidences much faster interfacial electron transfer,
consistent with the built-in field inferred from the Mott-Schottky

Environ. Sci.. Adv.

analysis and the intimate nanosheet-nanograin contacts observed
by microscopy. Steady-state photoluminescence is strongest for
BiOCl, weaker for MCS, and strongly quenched for MCS/BiOCl,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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indicating suppressed radiative recombination due to efficient
interfacial separation. Transient photocurrent measurements
(Fig. 4e) under chopped illumination corroborate this: the
composite shows the highest and most stable response (typically
0.20-0.24 mA cm?), exceeding MCS (0.08-0.10 mA cm ?) and
BiOCl (0.03-0.05 mA cm ). The rapid on/off transients and
minimal decay further support faster carrier generation/collection
with fewer surface traps. The photoluminescence (PL) spectra in
Fig. 4f provide insight into the charge recombination behaviour of

BiOCl, MCS and the MCS/BiOCl heterojunction. Pristine BiOCl
exhibits the highest PL intensity, indicating severe radiative
recombination of photogenerated electron-hole pairs, while MCS
shows a relatively lower intensity, reflecting moderately improved
charge separation. In contrast, the MCS/BiOCl composite displays
pronounced PL quenching, evidencing significantly suppressed
recombination due to efficient interfacial charge transfer. This
behaviour is attributed to the built-in electric field and S-scheme
charge-transfer pathway at the MCS/BiOCI interface, where low-
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energy charge carriers recombine while high-energy electrons and
holes are retained on MCS and BiOCI, respectively. The PL results,
therefore, corroborate the electrochemical and photocurrent
analyses, confirming enhanced charge separation as a key factor
underlying the superior photocatalytic performance of the
heterojunction.

Collectively, the optical, electrochemical, and photophysical
data converge on a coherent mechanism. MCS broadens visible-
light absorption; Mott-Schottky-derived band edges (Ecg/Evg =
—1.01/+0.98 V for MCS and —0.21/+3.06 V for BiOCl) enable an
S-scheme band alignment that preserves highly reducing elec-
trons on MCS and strongly oxidising holes on BiOCIl. This
interfacial architecture manifests experimentally as dramati-
cally lower R, PL quenching, and enhanced photocurrent, all of
which explain the superior photo(electro)catalytic behaviour of
the Mn, 5Cd, 5S/BiOCl heterojunction relative to its individual
components.

3.4 Degradation of ciprofloxacin

The photocatalytic activities of BiOCl, MCS and Mn, 5Cd, 5S/
BiOCl were tested for the amelioration of CIP from wastewater
under visible light irradiation. Before exposure to light, the
suspension of each photocatalyst in the CIP solution was
maintained under dark conditions for 20 min to attain
adsorption-desorption equilibrium. As presented in Fig. 5a, the
pristine MCS and BiOCI displayed modest degradation effi-
ciency of 67% and 53%, respectively, towards CIP elimination
after 120 min. Remarkably, the MCS/BiOCl heterojunction
achieved an exceptional 92.3% removal of CIP within the same
time frame. The outstanding performance of the composite was
attributed to improved light harvesting and enhanced photo-
active radical formation, resulting from better charge separa-
tion through the formation of a heterojunction. The extent of
mineralisation was equally investigated through TOC removal
analysis, and the composite material also displayed the highest
TOC removal of 61.4% after 120 min (Fig. 5b).

The degradation kinetics were modelled using pseudo-first-
order kinetics (Fig. 5¢). The heterojunction exhibited superior
performance with an apparent reaction rate constant (k) of
0.0221 min~!, which was more than twice that of MCS
(0.0087 min~") and approximately four times the value obtained
using pristine BiOCI (0.0059 min~"). This further revealed that
the photocatalytic degradation reaction was fastest and most
favourable using the composite due to improved separation and
migration of charge carriers.

The photocatalytic degradation of CIP is typically influenced
by the solution pH. Hence, the degradation experiment with
MCS/BiOCl was carried out in different solution pH within the
range of 3 to 11. As depicted in Fig. 5d, the photocatalytic
degradation of CIP increased from pH 3 to 7 and after which
a decline was observed in the basic pH range. This trend can be
related to the pH-dependent structure of CIP. At the acidic
region (below pH 6.09), CIP molecules are positively charged
and negatively charged above pH 8.74.*” At high acidic and basic
pH levels, electrostatic repulsion may occur between the CIP
species and the MCS/BiOCl photocatalyst, resulting in lower
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degradation efficiency. However, since CIP exists as a zwitter-
ionic species within a pH range of 6.09 and 8.74,> its degra-
dation is more favourable within this pH range, and hence the
best percentage removal was recorded at pH 7. Additionally,
superoxide radicals, which also contribute to CIP degradation,
can react with excess hydroxide and hydrogen ions across a wide
pH range, resulting in lower degradation efficiency.*® Hence, the
degradation of CIP using MCS/BiOCl was performed at neutral
pH in this study.

The stability and reusability of the MCS/BiOCl hetero-
structure composite are crucial for its potential as a photo-
catalyst in wastewater treatment. Therefore, the material was
applied for six consecutive photocatalytic experiments. After
each cycle, the photocatalyst was regenerated and reused. As
shown in Fig. 5e, after the sixth cycle, the degradation efficiency
decreased from 92% to 88.1%, representing an approximate 4%
change. This revealed that the photocatalyst is highly reusable,
with only a slight loss of photocatalytic efficiency. Additionally,
after the sixth cycle, there was no change in the structural and
surface morphology of the photocatalyst as seen in the XRD and
SEM images of the used material, suggesting good stability with
no significant leaching.

In view of real-world applications, the prepared catalysts
were tested for their ability to remove CIP from real wastewater.
Unlike synthetic laboratory solutions, real water contains
a diverse range of natural organic matter (NOM), dissolved
inorganic ions and radical scavengers, which can interfere with
photocatalytic activity by blocking active sites or deactivating
reactive oxygen species. The MCS/BiOCl achieved a degradation
efficiency of approximately 83% which was higher than that of
MCS (32%) and BiOCI (27%) (Fig. 5¢). The observed decrease in
degradation efficiency in real water compared to laboratory
conditions is primarily due to the interference of scavenger
ions, such as carbonates and chloride, which react with
hydroxyl and superoxide radicals, thereby limiting their avail-
ability for pollutant breakdown. Moreover, competition
between NOM and CIP molecules for adsorption sites on the
catalyst surface further diminishes degradation efficiency.
Despite these challenges, the MCS/BiOCl composite exhibited
decent photocatalytic activity, indicating its robustness and
suitability for real-world wastewater treatment applications.

Moreover, as shown in Table 1, the MCS/BiOCl exhibits great
potential for removing CIP compared to other heterostructure
catalysts used for photocatalytic CIP degradation. The
percentage removal achieved with the use of MCS/BiOCl was
higher than that of some earlier reported heterostructure pho-
tocatalysts, suggesting the superiority of the MCS/BiOCl S-
scheme heterostructure.

3.4.1 Photodegradation mechanism. To unravel the pho-
todegradation mechanism, it is important to investigate the
main radicals generated in the solution that are responsible for
the oxidation of CIP molecules. This was achieved by perform-
ing the photocatalytic degradation process in the presence of
disodium ethylenediamine tetraacetate (EDTA), isopropanol
(IPA) and p-benzoquinone (p-BQ), which acted as masking
agents for photogenerated holes, hydroxyl radicals and super-
oxide radicals, respectively. As depicted in Fig. 6a, a sharp and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5

significant decrease in degradation efficiency, from 92% to
33.7%, was observed upon the addition of IPA, suggesting that
photogenerated hydroxyl radical played a major role in the
degradation process. Additionally, the degradation efficiency
decreased to 45.9% and 68.4% with the addition of pBZQ and

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

(a) CIP degradation and (b) fitting of kinetic data using pseudo-first-order kinetics, (c) TOC removal, (d) effect of pH, (e) stability studies.

EDTA, respectively, suggesting that superoxide radicals and
photogenerated holes also contributed to the degradation
process.

As proposed in Fig. 6b, the enhanced photocatalytic degra-
dation performance of the Mn,5CdysS/BiOCl core-shell
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Table 1 Comparison with other photocatalysts in ciprofloxacin removal
Photocatalyst Concentration (ppm) Dose (mg) Light source % Removal Rate constant (min ") Ref.
Bi-g-C3N, 20 50 450 W mercury vapor lamp 79 (60 min) 0.0268 39
LaFeO3/BiOCl 20 20 300 W Xe lamp 88.9 (60 min) 0.01979 40
WO;/Agl 10 50 1000 W halogen lamp 53.4 (180 min) 0.00415 41
CaFe,04/Zn0O 10 150 300 W Xe lamp 86.4 (180 min) — 42
BiOBr/Cu,S 10 50 1000 W halogen lamp 79.2 (60 min) 0.016 43
BiOBr/TiO, 20 20 Sunlight 93 (120 min) 0.02262 44
MCS/BiOCl 10 20 300 W Xe lamp 92.3 (120 min) 0.0221 This work
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heterostructure can be attributed to the formation of an effi-
cient S-scheme heterojunction, which simultaneously promotes
charge separation and preserves strong redox capability. Upon
light irradiation, both MCS and BiOCl are photoexcited,
generating electron-hole pairs within their respective band
structures.

Mn, 5Cd, 5S, with its narrow band gap, acts as the primary
visible-light absorber, producing electrons in its conduction
band (CB) and holes in its valence band (VB). BiOCl, although
possessing a wider band gap, can also be photoactivated under
irradiation due to interfacial effects and defect-assisted
absorption. At the MCS/BiOCl interface, an internal electric
field is established due to the different Fermi levels and work
functions of the two materials. This internal field drives direc-
tional charge transfer across the interface.

In the S-scheme configuration, the photogenerated electrons
in the CB of BiOCl recombine with the photogenerated holes in
the VB of MCS at the interface. This selective recombination
pathway effectively eliminates charge carriers with weak redox
ability while retaining the highly energetic electrons in the CB of
MCS and the strongly oxidative holes in the VB of BiOCl. As
a result, the system achieves efficient charge separation without
sacrificing redox power, overcoming the limitations of conven-
tional type-II heterojunctions.

The accumulated electrons in the CB of MCS possess suffi-
cient reduction potential to react with dissolved oxygen,
generating superoxide radicals (O,7). These reactive oxygen
species play a crucial role in initiating the degradation of

Environ. Sci.. Adv.

(a) Radical testing (b) schematic diagram of S-scheme heterojunction formation and photocatalytic mechanism.

organic pollutants through successive oxidation reactions.*
Meanwhile, the holes remaining in the VB of BiOCI exhibit
strong oxidation ability and can directly oxidise organic mole-
cules or react with surface-adsorbed water or hydroxyl ions to
produce hydroxyl radicals (‘OH), further contributing to
pollutant mineralisation.

The synergistic contribution of holes (h*), superoxide radi-
cals (0,7), and hydroxyl radicals (OH) ensures rapid and effi-
cient degradation of the target pollutants. Additionally, the
core-shell architecture shortens the charge migration distance
and provides intimate interfacial contact, which minimizes
bulk recombination and enhances the stability of the hetero-
junction during photocatalytic reactions.

Overall, the superior photocatalytic activity of the MCS/BiOCl
system arises from the combined effects of visible-light har-
vesting by MCS, strong interfacial electric field-driven charge
separation, and the preservation of highly reactive charge
carriers through the S-scheme mechanism.

5 Conclusion

In summary, a novel Mn,sCd,5S/BiOCl S-scheme hetero-
junction photocatalyst was successfully constructed through
the integration of Mn-CdS alloy nanoparticles with layered
BiOCl nanosheets using a green, solvent-free mechanochemical
approach. Structural and surface analyses confirmed intimate
interfacial coupling between the two components without the
formation of secondary phases, while textural characterisation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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revealed a mesoporous architecture favourable for mass trans-
port and surface reactions. Optical and electrochemical inves-
tigations demonstrated broadened visible-light absorption,
efficient suppression of charge recombination, and significantly
reduced interfacial charge-transfer resistance. Band-edge anal-
ysis based on Mott-Schottky measurements verified the
formation of an S-scheme heterojunction, which preserves
strongly oxidising holes on BiOCI and highly reducing electrons
on Mn,sCdysS. As a result of these synergistic effects, the
Mn, 5Cd, 5S/BiOCl composite exhibited superior visible-light-
driven photocatalytic activity toward CIP degradation,
achieving high removal efficiency, accelerated reaction kinetics,
and substantial mineralisation compared with the pristine
components. Radical trapping experiments confirmed that
photogenerated holes, superoxide radicals, and hydroxyl radi-
cals jointly governed the degradation process, in agreement
with the proposed S-scheme charge-separation mechanism. The
photocatalyst also demonstrated good reusability, structural
stability, and appreciable performance in real wastewater
matrices, underscoring its practical applicability. Hence, this
work provides a rational and scalable strategy for constructing
efficient S-scheme heterojunction photocatalysts by combining
alloy engineering with layered bismuth oxyhalide scaffolds. The
insights gained into interfacial charge transfer, band align-
ment, and reactive species generation offer valuable guidance
for the future design of robust, solar-compatible photocatalysts
for the remediation of pharmaceutical contaminants in water.
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