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In this work, we explore the application of a BIOCUNiTiOs heterostructured photoanode with a
remarkable synergistic advantage and unique band alignment for the photoelectrocatalytic (PEC)
degradation of ciprofloxacin. Combining the excellent charge transport of BiOCl and the visible-light
absorption of NiTiOsz, the BiOCI/NiTiOs photoanode facilitated electro-hole charge separation and
extended light absorption owing to its distinctive band gap energy and visible-light sensitivity. These
attributes were confirmed by the impressive charge-transfer advantage (R, = 157 Q) and band gap
energy (Eg) of 2.08 eV obtained from the Nyquist and Tauc plots of the photoanode. Moreover, the
BiOCU/NiTiOs heterostructured photoanode exhibited a Z-type behaviour, evident by the flow of
electrons from the conduction band of BiOCl (with a higher Fermi level) to the valence band of NiTiOs
(with a lower Fermi level). This occurrence made uncombined holes and electrons in the respective
valence band of BiOCl and the conduction band of NiTiOz readily available for the generation of
reactive oxygen species in the system. The BiOCI/NiTiOz heterostructure architecture significantly aided
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the photoelectrocatalytic degradation of ciprofloxacin in water, achieving a remarkable 94% degradation
efficiency. In addition, the heterostructured photoanode displayed outstanding stability and reusability,
making it a distinct advanced material for real-time operations. Furthermore, the findings from this work
demonstrate a reliable strategy for high-performance PEC design while contributing to a sustainable
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1. Introduction

Growing concerns over the health and economic impacts of
environmental pollution driven by increasing levels of organic
pollutants in waterbodies have intensified over the last
decade."™ This is particularly so because research break-
throughs in the pharmaceutical industry geared toward com-
bating various health challenges have resulted in unprece-
dented demand for various pharmaceutical products. Among
commonly detected classes of pharmaceutical pollutants in
wastewater, antibiotics remain a prevalent member often
reported.”® Since most of these products are organic, a bur-
geoning level of these products has reportedly been detected in
waterbodies across the globe.® An unsettling risk of developing
antibiotic-resistant pathogens may occur from long-term con-
sumption of water polluted with antibiotics.””® With increasing
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approach for wastewater remediation applications.

pressure on the supply of clean, potable water to various classes
of society, the capacity of many conventional water purification
systems has become limited.’ The threat posed by this limita-
tion has spurred a significant quest for robust, easily accessible
and cost-effective approaches towards achieving water avail-
ability across the globe.

The application of advanced materials for effective waste-
water remediation has culminated in the development of
research on advanced oxidation processes, particularly photo-
electrocatalysis (PEC).'*™? PEC involves converting photon
energy into chemical energy through photogenerated charge
carriers, produced by the interaction of visible light with
semiconductors. Consequently, the generated chemical energy
is crucial for producing reactive species capable of degrading
the organic bonds of molecules non-selectively. Interestingly,
photoanode heterostructures combining two or more semicon-
ductors with complementary properties have emerged as pro-
mising advanced materials for effective remediation of organic
pollutants in wastewater. Owing to their charge-separation
advantage and superior light-absorption properties, hetero-
structure photoanodes have effectively addressed the challenge
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of instability and rapid charge carrier recombination often
associated with PEC."*'* Among the numerous candidates for
heterostructured photoanodes, bismuth oxychloride (BiOCI)
semiconductor has garnered tremendous attention due to its
distinctive photocatalytic attributes.’>™” Peculiarly, a unique
bandgap range, specialized layered structure, highly reactive
surface area and notable stability possessed by BiOCl favour its
applications in energy and storage devices, water remediation,
water splitting, and hydrogen generation. However, rapid
recombination of generated charge-carrier species often
impedes their photocatalytic application.'®>°

Recently, nickel titanate (NiTiOj3), a perovskite oxide distinct
for its narrow band gap energy, excellent stability, structural
robustness and scalable industrial applications, has positioned
it as a complementary semiconductor for heterostructured
design.?’®* These attributes confer excellent photocatalytic
activity on NiTiOz-based heterojunctions, thereby promoting
charge separation through interfacial electron transfer and
remarkable band alignment for PEC applications.?” Harmoniz-
ing the intrinsic properties of BiOCl and NiTiO; during hetero-
structured photoanode design can facilitate easy and quick
reactive oxygen species (ROS) generation in photoelectrocata-
lysis. Moreover, a narrowed band gap often observed in hetero-
structured photoanodes can promote extended light absorption
by reducing photocorrosion and improving stability and reusa-
bility of the photoanode over multiple cycles.

PEC applications in wastewater remediation continue to
thrive as a reliable approach for recalcitrant organic pollutant
mineralization in water. PEC involves the synergistic combi-
nation of photocatalytic and electrocatalytic principles to
enhance ROS generation and improve charge carrier separation
in water treatment applications.">** Applying renewable solar
energy and lower bias potential than that required in electro-
catalysis due to photo-activity input has broadened the scope of
PEC over the years. This stems from the ease of electron flow
across the electrolyte-semiconductor interface occasioned by
contact initiation between the semiconductor and the electro-
lyte. A band bending known as a built-in electric field often
ensues, creating an equilibrium potential within the system.*
This event usually enhances light absorption and charge-carrier
separation at the interface of a heterostructured semiconduc-
tor. Additionally, owing to its cost-effectiveness, accessibility to
photoactive advanced materials, and the application of doped
and heterostructured photoanode designs, visible-light spec-
trum absorption has become easily attainable in PEC reactions.
These advantages have also been explored for hybrid techno-
logies, including photo-electro-Fenton,® sono-photoelectro-
catalysis®’ and photo-electrocoagulation®®3°
treatment processes. Ultimately, photogenerated holes (h")
and electrons (e”), as well as directly or indirectly generated
oxidative species such as hydroxyl radical (*OH), superoxide
radical (0,°7), enjoy extended lifespans, thus amplifying the
reaction kinetics of the process.

This study explores the application of a novel BiOCI/NiTiO;
heterostructured photoanode for the degradation of ciproflox-
acin, a recalcitrant antibiotic commonly detected in wastewater

in wastewater
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under photoelectrocatalytic conditions. Physicochemical and
electrochemical characterization were conducted to investigate
the structural, morphological and electrochemical properties of
the designed photoanode. Also, the synergistic advantage of
combining photocatalysis and electrocatalysis in PEC was
examined through reaction kinetics. The reusability and the
identification of the reactive species generated in the PEC
system were equally investigated. Finally, a suitable reaction
scheme for the heterostructured photoanode was examined
based on its electrochemical properties.

2. Materials and methods
2.1 Chemical

Reagents used in this study were sourced from Merck (South
Africa) and employed for various applications without further
purification. Bismuth nitrate pentahydrate (Bi(NOj3);-5H,0), sodium
chloride (NaCl), nickel acetate tetrahydrate (Ni(CH3COO),-4H,0)
and titanium butoxide ((C,Ho0),Ti) were the starting materials
used in synthesizing BiOCl and NiTiO; semiconductors. Acetic
acid (CH3COOH), ethanol (C,HsOH) and ethylene glycol were
used as solvents during the synthetic process. Fluorine-doped
tin oxide (FTO) glass (L x W x D: 50 mm x 15 mm x 2.2 mm,
surface resistivity of ~13 Q sq~') was used as the substrate
upon which the BiOCI/NiTiO; heterostructured photoanode
was immobilized. Polyvinylidene fluoride (PVDF) and N-methyl-
2-pyrrolidone (NMP) were used as binding agents to immobilize
the photoanode on the FTO glass. The scavenging of reactive
species during the PEC experiments was carried out in the
presence of terephthalic acid (TA, 1 mmol L"), p-benzoquin-
one (BQ, 1 mmol L"), ethylenediaminetetraacetic acid (EDTA,
1 mmol L") and silver nitrate (AgNO;, 1 mmol L") as the
scavenging agents for trapping hydroxyl radicals (*OH) and
superoxide radicals (0,°”, holes (h') and electrons (e7),
respectively.

2.2 Synthesis of BiOCl

BiOCl was synthesized using the hydrothermal method. Firstly,
0.015 mmol of Bi(NO;);-5H,0 was dispersed in 20 mL of
ethylene glycol. The mixture was stirred on a magnetic stirrer
at room temperature for 30 min before adding 0.01 mmol of
NaCl. The mixture was further stirred for 2 h until a homo-
geneous mixture was obtained. The mixture was later trans-
ferred into a Teflon-lined autoclave and heated at 180 °C for
12 h. Upon cooling, the resulting product was washed several
times with deionized water and ethanol. Subsequently, the
product was dried at 60 °C for 12 h to obtain the BiOCl powder.

2.3 Synthesis of NiTiO;

NiTiO; was synthesized using a solvothermal method. Briefly, a
1:1 mole composition comprising Ni(CH;CO,),-4H,0 (0.05 mmol)
and Ti(C,Hg0), (0.05 mmol) was dispersed in a mixture of ethanol
and acetic acid. The mixture was stirred at room temperature for
2 h until a viscous sol-gel was obtained. The obtained sol-gel was
dried for 24 h at 80 °C. The obtained NiTiO; was further subjected
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to hydrothermal treatment by dispersing it into 3 M KOH and
transferring the mixture into a Teflon-lined autoclave. The auto-
clave containing the mixture was then heated for 24 h at 160 °C.
Upon cooling to room temperature, the NiTiO; was washed several
times with deionized water and ethanol to remove residual carbo-
nate and other dissolved impurities. Finally, the pure NiTiO; was
dried at 60 °C for 12 h to obtain NiTiO; powder.

2.4 Synthesis of the BiOCI/NiTiO; heterostructured photocatalyst

The BiOCI/NiTiO; heterostructured photocatalyst was prepared
by stirring 50 wt% of BiOCl and 50 wt% of NiTiO; in ethanol for
10 min. The composite was oven-dried at 120 °C for 3 h to
obtain the BiOCI/NiTiO; powder.

2.5 Characterization of photocatalysts

X-ray diffractometer (Rigaku Ultima IV, Japan) using Cu Ka
radiation (k = 0.15406), coupled with a K-beta filter at 30 mA
and 40 kv, was employed to study the purity and degree of
crystallinity of the prepared BiOCI, NiTiO3, and BiOCI/NiTiO;
powders. X-ray photoelectron spectroscopy (Thermo, ESCAlab
250Xi, USA) was used to analyze the chemical and electronic
state of the atoms in the photocatalysts. Scanning electron
microscopy (SEM) (Zeiss 540 ultra, Germany), attached to an
energy-dispersive X-ray spectrometer (EDS), was employed to
study the morphology, elemental composition and elemental
mapping of the materials. The optical property of the semi-
conductors was measured using UV-vis diffuse reflectance
spectroscopy.

2.6 Fabrication of the BiOCI/NiTiO; heterostructured photoanode

The BiOCI/NiTiO; heterostructured photoanode was fabricated
by drop-casting a BiOCI/NiTiO; slurry on a pre-treated FTO
glass. The BiOCI/NiTiO; slurry was prepared by mixing 50 mg of
the BiOCI/NiTiO; powder in 50 wt% NMP and 5 wt% of PVDF.
This was followed by careful coating of the BiOCI/NiTiOj; slurry
onto the conductive surface of the FTO glass to obtain a
uniformly distributed BiOCI/NiTiO; film on the substrate. The
electrode (geometrical area: 2 cm™?) was then left to dry in an
oven at 60 °C for 2 h. The same method was employed in
preparing the respective BiOCl and NiTiO; photoanodes.

2.7 Electrochemical and photoelectrochemical
characterization of the photoanode

Electrochemical properties of the photoanodes were investi-
gated using an Autolab potentiostat/galvanostat (PGSTAT204,
Netherlands). The prepared photoanodes were connected to the
potentiostat as working electrodes, while a platinum wire and
an Ag/AgCl electrode were connected as the respective counter
and reference electrodes. Electrochemical impedance spectro-
scopy (EIS) and Mott Schottky analysis were performed in 5 mM
ferri/ferrocyanide solution [Fe(CN)]*/*~ at a scan rate of
20 mV s ', frequency range of 100 kHz to 0.1 Hz, and bias
potential of 0.22 V. Linear sweep voltammetry (LSV) was used
to obtain the onset potential of the photoanodes, and chronoam-
perometry measurement was used to investigate the photocurrent
density response of the photoanodes. These analyses were
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conducted in 0.1 M Na,SO, at neutral pH, in the presence of a
150 W LED lamp as the light source. All characterizations were
carried out at neutral pH.

2.8 Photoelectrocatalytic degradation experiment

PEC and electrocatalytic (EC) experiments were conducted
using a power source for bias current supply to the system.
A 150 W LED lamp was used as the light source for photo-
catalytic (PC) and PEC experiments. During the PEC degrada-
tion experiment, the prepared photoanode and a platinum wire
were connected to the power source as anode and cathode,
respectively. The PEC reaction was performed in 50 mL of
5 mg L' ciprofloxacin (CPX) concentration with 0.1 M Na,SO,
as the supporting electrolyte at a known applied current
density. For the EC degradation experiment, the same CPX
concentration was subjected to the same operating conditions
as the PEC technique, but without a light source. During the PC
degradation experiment, the photoanode was exposed to the
light source without applying a current density. This was
equally performed using the same volume and concentration
of CPX. The influence of various applied current densities and
different initial concentrations of CPX on the performance of
the heterostructured photoanode was also examined. Aliquots
of CPX solution were collected from the reactor at time intervals
of 20 min for 120 min to analyze the decay patterns during PEC,
EC and PC. A UV-visible spectrophotometer was used to inves-
tigate the downward trend of CPX concentration during the
experiments. The degradation efficiency of CPX was obtained
using the formula in eqn (1).

. . co—¢
Degradation efficiency (%) = ——— x 100% (1)
(&)
Here, ¢, and ¢, are the initial and final concentrations,

respectively.

3. Results and discussions

3.1 Structural and morphological properties of the
photocatalysts

The X-ray diffraction (XRD) analysis was conducted to identify
the crystal structure and confirm the synthesis of the photo-
catalysts (Fig. 1a). The XRD pattern of NiTiO; shows a strong
similarity with its hexagonal phase (JCPDS card no. 017-0617),
with notable peaks observed at 20 ~ 24°, 32.8°, 35.5°, 40.8°,
49.3°% 53.8° and the twin peaks at 62.2° 63.8°. The observed
peaks are indexed as diffraction planes (012), (104), (110), (113),
(024), (116), (214), and (300), respectively.** Similarly, the XRD
pattern of BiOCI corresponds strongly to its tetragonal phase
(JCPDS card no. 01-0600). Major peaks observed for BiOCI at
20 ~ 11.6°,24.1°,25.2°, 33.3°, and 36.4° correspond to the (001),
(011), (110), (102), and (003) diffraction planes, respectively.*>
The outlined peaks were observed on the XRD pattern of BiOCl/
NiTiO;, demonstrating that the heterostructured photocatalyst
was satisfactorily formed. However, the weak diffraction peaks
of NiTiO; observed on the XRD graph of BiOCI/NiTiO; signify a
better dispersion of BiOCl on the NiTiO3.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1
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(a) XRD patterns of NiTiOsz, BiOCl and BiOCI/NiTiO3 semiconductors, (b) XPS survey profile of NiTiOs, BiOCl and BiOCI/NiTiOz semiconductors.

High resolution XPS spectra of (c) Bi 4f, (d) Cl 2p, (e) Ni 2p, (f) Ti 2p, and (g) O 1s of NiTiOs, BiOCl, and BiOCI/NiTiOz semiconductors. SEM images of (h)
BiOCL, (i) NiTiOs, (j) BIOCUNiTiOs semiconductors. (k) Elemental mapping of the BIOCI/NiTiOz heterostructured semiconductor.

X-ray photoelectron spectroscopy (XPS) analysis was also
conducted to investigate the chemical composition and elec-
tronic states of the photocatalysts. The survey scans of BiOCl,
NiTiO;, and BiOCI/NiTiO; photocatalysts are presented in
Fig. 1b, indicating the presence of bismuth (Bi), nickel (Ni),
titanium (Ti), chlorine (Cl), and oxygen (O), along with their
corresponding peaks. The deconvoluted spectra of the Bi 4f;/,
electronic state reveal a shift in the binding energy from
158.9 eV to 159.1 eV in BiOCI and the heterostructured BiOCl/
NiTiO;, respectively (Fig. 1c). A comparable shift was also
observed from 164.2 eV to 164.4 eV for the electronic state of
Bi 4f;5;, as the BiOCI/NiTiO; heterostructure photoanode was
formed. The presence of Bi 4f;,, and Bi 4f5,, peaks demonstrates
the existence of the Bi*" oxidation state in pristine BiOCI*>***
and BiOCI/NiTiO; heterostructured semiconductor. The decon-
voluted spectra of the Cl 2p valence state (Fig. 1d) equally reveal
a shift in the binding energy from 197.7 eV to 197.5 eV (Cl 2p3/,)
and 199.6 eV to 199.2 eV (Cl 2p;,,) upon the formation of the
BiOCI/NiTiO; heterostructured photoanode. These observed
shifts in binding energies can be attributed to electron redistri-
bution within the BiOCI/NiTiO; heterostructured photoanode

568 | Mater. Adv, 2026, 7, 564-576

crystal structure, a vital development for charge separation.
The shifts also demonstrate electron density variation across
the BiOCI/NiTiO; interface, facilitating photogenerated charge
separation through charge localization in distinctive sites.?”
Moreover, the [Bi,0,]*" and Cl~ layered structure formed in
BiOCl can promote charge transportation and light absorption
extension in the BiOCl/NiTiO; photoanode through internal
electric field generation. Similarly, a backward shift in bind-
ing energies was observed from 855.4 eV to 854.8 eV and
873.2 eV to 872.6 €V in the respective Ni 2pz, and Ni 2p3),
electronic states (Fig. 1e), further establishing the formation
of the heterostructured photoanode. The two satellite peaks at
862.2 eV and 880 eV demonstrate the presence of Ni** oxida-
tion state in NiTiO;.>"*® These peaks were also observed at
861.8 eV and 879.8 eV, further confirming the interfacial
interaction between BiOCI and NITiO; semiconductors. The
presence of Ti 2p;;, and Ti 2p,, peaks (Fig. 1f) demonstrates
the existence of the Ti*" oxidation state in pristine NiTiO;z.*”
Ti 2p3/, and Ti 2p,, electronic states also displayed notable shifts
from 458.3 eV to 459.1 eV and 464.2 eV to 465 eV, respectively,
as the BiOCI/NiTiO; heterostructured photocatalyst was formed.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The O 1s peaks observed at 530.2 eV and 531.9 eV correspond to
the Bi-O bond and oxygen vacancy in BiOCl,***° while NiTiO;
peaks at 530.1 eV and 532.9 eV correspond to Ni-O bond and
physically adsorbed oxygen*® (Fig. 1g). The lattice oxygen Bi-O of
BiOCl at 530.2 eV and NiTiO; lattice oxygen Ni-O at 530.1 eV were
observed to have shifted to a lower binding energy at 529.7 eV for
BiOCI/NiTiO;. Similarly, the oxygen vacancy possessed by BiOCl at
531.9 eV was also observed to have shifted to a lower binding
energy at 530.7 eV in the BiOCI/NiTiO; semiconductor. This red
shift is indicative of electron transfer at the interface of the BiOCl/
NiTiO; heterostructure semiconductor. Notably, the area covered
by the oxygen vacancy in the BiOCI/NiTiO; heterostructured
semiconductor is significantly wider than that of pristine BiOCI.
This suggests that surface modification caused by the presence of
oxygen vacancies in BiOCI/NiTiO; can enhance charge separation
and water dissociation remarkably, resulting in abundant surface
hydroxyl groups needed for the degradation process.*” In addition,
red shifts observed in Cl 2p, Ni 2p and O 1s valence states suggest
the occurrence of electron redistribution in the BiOCI/NiTiO;
semiconductor. Moreover, blue shifts observed in the Bi 4f and
Ti 2p spectra can be attributed to an increase in electron density as
the interfacial and ionic interactions between BiOCI and NiTiO;
were established.

The surface morphology of the pristine and heterostructure
semiconductors was determined using scanning electron
microscopy (SEM). BiOCl displayed irregular, interconnected,
dispersed, and layered plate-like microspheres (Fig. 1h). With
slight roughness on the boundaries of the particles, the linkage
between the BiOCl particles allows for a suitable deposition and
lacing of the other material on their surface. However, NiTiO3
exhibits a blend of grains with uneven sizes (Fig. 1i). The
interactions linking these grains led to the formation of pores
of varying sizes. Notably, the composition of these particles
shows random dispersal of NiTiO; particles on the BiOClI plate-
like particles (Fig. 1j). The coalescence observed with the BiOCl/
NiTiO; heterostructured photocatalyst shows a healthy inter-
action between both pristine materials, suitable for light
absorption in the heterostructure. The interfacial properties
displayed by the heterostructure indicate that the BIOCI/NiTiO;
semiconductor was successfully synthesized. The EDX spec-
trum of the BiOCI/NiTiO; heterostructured semiconductor
shown in Fig. S1 reveals the presence of Bi, Ni, Ti, O, and Cl
in the composite. The uniform distribution of atoms in the
composite is shown in the EDX mapping (Fig. 1k), further
establishing a successful synthesis of the heterostructure.

3.2 Electrochemical and photoelectrochemical properties of
the photoanodes

Electrochemical impedance spectroscopy (EIS) was conducted to
investigate the charge transport efficiency of the photoanodes.
Fig. 2a presents the Nyquist plot of the fabricated photoanodes,
with charge transfer resistances (R.) of 392, 230, and 157 Q
associated with NiTiO3z, BiOCl, and BiOCI/NiTiO; photoanodes,
respectively. Notably, a smaller impedance arc in the Nyquist plot
corresponds to improved charge transfer efficiency.*' These
results demonstrate that the BiOCI/NiTiO; heterostructured

© 2026 The Author(s). Published by the Royal Society of Chemistry
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photoanode displays a more desirable charge transfer efficiency
than the individual BiOCI and NiTiO; photoanodes. This indi-
cates an enhanced charge transport mechanism in the BiOCl/
NiTiO; photoanode, boosting its conductivity and promoting
the migration efficiency of photogenerated charge carriers.
Moreover, a harmonious interfacial interaction developed between
BiOCI and NiTiO; photoanodes gave rise to band alignment in the
BiOCI/NiTiO; heterostructured photocatalyst. This interaction can
propel charge separation in the semiconductor, improving the
availability of charged species and reducing the difficulty of charge
transfer in the system.

Linear sweep voltammetry (LSV) was employed to investigate
the onset potential and current density of the photoanodes at
neutral pH. As presented in Fig. 2b, an onset potential of 1.39 V
was obtained for the BiOCI/NiTiO; heterostructured photo-
anode as compared to a delayed potential of 1.53 V and
1.57 V for BiOCl and NiTiO; photoanodes, respectively. Since
the obtained values exceed the minimum potential of 1.23 V vs.
RHE required for the oxygen evolution reaction (OER) in water
splitting,*>** the BiOCI/NiTiO; heterostructured photoanode
represents a conservative potential demand for oxidation reac-
tions compared with other pure semiconductors. Furthermore,
the highest current density of 14.93 mA cm > for the BiOCl/
NiTiO; photoanode exceeds 2.5 times the obtained current
densities for BiOCl and NiTiO; photoanodes, suggesting that
the ease of ROS generation favours the BiOCI/NiTiO; hetero-
structured photoanode over the individual photoanodes. This
validates the charge mobility strength inherent in the BiOCl/
NiTiO; heterojunction photoanode over the pristine semicon-
ductors, as confirmed by the EIS results.

The transient photocurrent density was also investigated to
assess the photogenerated charge separation capability of
the photoanode at neutral pH. An impressive photocurrent
density of 5.36 pA cm™> was obtained for the BiOCI/NiTiOj;
heterostructured photoanode compared to 2.77 pA ecm™ > and
2.62 pA cm 2 for BiOCl and NiTiO; photoanodes, respectively
(Fig. 2c). This reveals that a significant suppression of photo-
generated charge carrier (hole-electron) recombination was
better achieved in the BiOCI/NiTiO; heterostructured photoa-
node over the individual photoanodes. A linear correlation
validating a mutual relationship between the transient photo-
current of semiconductors and photogenerated charge separation
has been previously established.** Consequently, improved light
absorption efficiency and reduced photocorrosion pheno-
menon arising from improved interfacial charge transfer will be
more prevalent in the BiOCI/NiTiO; heterostructured photoanode
than in the pristine photoanodes. Additionally, band alignment
arising from the favourable interfacial properties of the hetero-
structure can lower charge recombination, thus improving the
photocurrent response of the semiconductor.

3.3 Optical properties of the photocatalysts

The optical properties of the semiconductors were analyzed to
determine their light absorption regions and band gap ener-
gies. As presented in Fig. 2d, NiTiO; and BiOCI displayed a
strong absorption edge around 460 nm and 395 nm, respectively.
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Fig. 2 (a) Nyquist plot of the photoanodes obtained in 5 mM [Fe(CN)gl>~/4~ containing 0.1 M KC, in frequency range of 100 kHz to 0.1 Hz, (b) linear

sweep voltammograms of the photoanodes in 0.1 M Na,SO,4 at a scan rate of 50 mV, (c) transient photocurrent density of the photoanodes in 0.1 M
Na,SO4, (d) UV-vis DRS spectra of NiTiOs, BiOCl and BIOCI/NiTiOs, (e) Tauc plots of the photoanodes, and (f) Mott Schottky plot of the BIOCI/NiTiO3

heterostructured photoanode.

Harmoniously, the BiOCI/NiTiO; photocatalyst equally displayed
strong absorption in the visible light region with an absorption
edge at 567 nm. The shift of the BiOCI/NiTiO; absorption edge to
a more visible-light region indicates a broadened light absorption
capacity, arising from the conducive interfacial synergy between
BiOCI and NiTiO; photocatalysts.

Moreover, the band gap energies of the photocatalysts were
obtained from UV-vis diffuse reflectance spectroscopy data
fitted to the Tauc equation (eqn (2)).

ahv = p(hv — Eg)"”? (2)

570 | Mater. Adv., 2026, 7, 564-576

where o, h, v, and f represent the absorption coefficient,
Planck’s constant, incident light or photon frequency, and
proportionality constant, respectively. Moreover, 7 is a constant
that depends solely on the optical transition characteristics of
the semiconductors under consideration, and E; is the band
gap energy. For a direct allowed transition in semiconductors,
n=1/2 and n =2 for an indirect allowed transition. Based on the
direct allowed transition, the band gap energy of the semicon-
ductors was obtained from the plot of («Av)* against hv.
As presented in Fig. 2e, BiOCl, NiTiO;, and BiOCI/NiTiO;
semiconductors conformed to a direct allowed transition with
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band gap energies of 3.08 eV, 2.20 eV, and 2.08 eV, respectively.
A narrower bandgap observed for the heterojunction formed by
BiOCl and NiTiO; demonstrates the successful design of a
viable visible light-harvesting photoanode. The conduction
and valence bands of BiOCIl and NiTiO; were obtained from
eqn (3) and (4).

Ecp =X — E. — 0.5E, (3)
By = Ecp + Eg (4)

From these equations, Ecg, Eyg, and E¢ represent the conduc-
tion band edge potential, valence band edge potential, and free
electron energy on the hydrogen scale, often approximated to
be 4.50 eV, respectively. Moreover, X is the electronegativity of
the semiconductor, usually obtained as the geometrical mean
value of the absolute electronegativity of the atomic constitu-
ents of a semiconductor. The calculated X values of BiOCl and
NiTiOj; are 6.37 eV and 5.79 eV, respectively, and E, is the band
gap energy of the semiconductor. Thus, 0.32 eV and 3.40 eV are
the respective Ecg and Eyg values obtained for BiOCl, while
—0.74 eV and 1.46 eV are the respective Ecg and Eyg values
obtained for NiTiO;.

The Mott Schottky analysis was performed to determine the
flat band potential and charge carrier density of the photo-
anodes. Using the Mott Schottky equation (eqn (5)), the Mott
Schottky plots for each photoanode were obtained from the
graph of 1/c® versus potential (eV vs. Ag/AgCl).

1 2 kT
S = Eupp — Enp — 2~
c? (ssoeND)( pp BT, ) (5)

Here, ¢, ¢, &, €, Np, Eapp, Esm, kg, T are the capacitance at the
electrolyte/semiconductor interface (F cm™2), dielectric con-
stant of the semiconductor, vacuum permittivity (8.85 X
10 " F em ™), elementary charge (1.6 x 10 *° C), donor density
(n-type semiconductor) or acceptor density (p-type semiconduc-
tor), applied potential (V), flat band potential (V), Boltzmann
constant and absolute temperature (278 K), respectively.

The flat band potential was obtained as the X-intercept after
extrapolating the linear fit of the plot. BiOCl has a negative
slope (Fig. S2), indicative of a p-type behaviour, while NiTiO;
has a positive slope (Fig. S3), indicative of n-type semiconduc-
tors. Flat band potentials of 0.17 V, —0.55 V, and —0.79 V (vs.
Ag/AgCl) were obtained for BiOCl, NiTiO;, and BiOCI/NiTiO;
photoanodes, respectively. Using the formula in eqn (6), the flat
band potential vs. normal hydrogen electrode (NHE) values of
the photoanodes were estimated as 0.37 eV and —0.36 eV for
BiOCl and NiTiO; photoanodes. These results are a product of
electrolyte-semiconductor interfacial interactions, electrode
geometry, electrode surface area, and smoothness of the elec-
trode surface.*> Moreover, the negative shift obtained for the
BiOCI/NiTiO; photoanodes at —0.59 eV vs. NHE, as against
—0.16 eV vs. NHE observed for the NiTiO; photoanode, can be
credited to the improved photogenerated charge separation in
the BiOCI/NiTiO; heterostructured photoanodes. Additionally,
an increase in the slope of BiOCI/NiTiO; heterostructured
photoanodes (5.62 x 10°) was obtained (Fig. 2f), as against
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the 2.48 x 10'° obtained for NiTiOs. Since the slope (obtained
from eqn (7)) inversely corresponds to the charge carrier
density (equivalent to the electron density), a donor density of
1.79 x 10*' em ™2 calculated for BiOCI/NiTiO; photoanodes is
about thrice the donor density obtained for NiTiO; (4.07 X
10*® em™?). This further confirms effective and prolonged
charge separation at the heterojunction photoanode.

Efb vs. NHE — EfbvsA Ag/AgCl +0.194 (PH = 7) (6)
2
Np = )
ggpem

Here, m is the slope obtained from the Mott Schottky plots.

3.4 Photoelectrocatalytic application of the photoanodes for
ciprofloxacin degradation

The photoanodes were applied for the photoelectrocatalytic
degradation of 5 mg L' CPX under a 150 W simulated sunlight
source with an optimized current density of 5 mA cm™> at pH 7.
As presented in Fig. 3a, the heterostructured BiOCI/NiTiO3
photoanode achieved an impressive 94% removal efficiency
within 120 min. Its performance surpasses the individual BiOCl
and NiTiO; photoanodes, which achieved 84% and 80% degra-
dation efficiencies, respectively. The improvement in the BiOCl/
NiTiO; heterostructured photoanode performance indicates a
significant suppression in the photogenerated charge carrier
recombination rate. Hence, the photo-excited heterostructure
photoanode exhibits higher mobility than the individual photo-
anodes, allowing the generated species to attack CPX unselec-
tively. Additionally, photoelectrocatalysis (a combination of
photocatalysis and electrocatalysis) demonstrated 94% degra-
dation efficiency compared to 18% and 86% obtained for
individual photocatalysis and electrocatalysis techniques
(Fig. 3b). The influence of electrochemical driving force (cur-
rent density) equally facilitated charge separation in the hetero-
structured photoanode by initiating induced hole injection into
the valence band.*® This effect enriches the availability of
generated holes and electrons by drastically extending their
lifespan.*®*” Consequently, the delayed charge recombination
aided by enhanced charge migration across the heterostruc-
tured photoanode-electrolyte interface can accelerate ROS gen-
eration and the simultaneous degradation of the pollutant.

3.5 Kinetic and synergistic studies

The photoelectrocatalytic reaction kinetics were determined for
each photoanode (Fig. 3c). Also, photocatalytic and electro-
catalytic reaction kinetics for the BiOCI/NiTiO; heterostruc-
tured photoanode were determined and are presented in
Fig. 3d. The reaction kinetics of all degradation techniques
obtained from the plot of Incy/c; versus time conformed to
a pseudo-first-order reaction. The kinetics were fitted into
Incy/c, = kt, where c,, ¢;, k, and t are the initial concentration
(mg L"), final concentration (mg L™ %), rate constant (min~ %), and
time (min). Rate constant (k) value of 2.48 x 107> min"
(R* = 0.9955) was obtained for the BiOCI/NiTiO; heterostructured
photoanode, which is approximately 1.55-fold and 1.78-fold of the
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Fig. 3 Degradation efficiency plots of 5 mg L=* CPX (a) on all photoanodes under PEC application, and (b) on the BiIOCI/NiTiOz photoanode, comparing
electrocatalysis, photocatalysis and PEC applications. Reaction kinetic plots (c) of all photoanodes under PEC application and (d) on the BIOCI/NiTiOs
photoanode, comparing electrocatalysis, photocatalysis and PEC applications. Plots of PEC degradation efficiencies of CPX on the BiOCI/NiTiOs
photoanode (e) at different current densities and (f) at various initial concentrations of CPX at 5 mA cm™2.

rate constants for BiOCI (1.62 x 107> min', R* = 0.9894) and
NiTiO; (1.39 x 10> min~", R* = 0.9869) photoanodes (Fig. 3c). This
outcome agrees with the notable suppression of photogenerated
charge carrier recombination in the BiOCI/NiTiO; photoanode,
caused by the improved light absorption capacity of the hetero-
structure photoanode. Moreover, improved charge mobility in the
BiOCI/NiTiOj; heterostructured photoanode eased the generation of
reactive oxygen species, thus leading to the impressive degradation
of CPX. The photoelectrocatalytic rate constant of the BiOCl/
NiTiO; heterostructured photoanode also showed a 1.66-fold and
13.55-fold increment in the respective electrocatalytic (1.70 x

107> min~ ", R” = 0.9952) and photocatalytic (1.83 x 10~> min~*,

572 | Mater. Adv,, 2026, 7, 564-576

R®> = 0.9761) rate constants. The heterostructured photoanode
performance during the photoelectrocatalytic degradation of CPX
further establishes the desirable synergy arising from combining
both electrocatalysis and photocatalysis in the hybrid system.

To further establish the clear advantage of the photoelec-
trocatalytic technique owing to the influence of the light source
and electrochemical driving force (current density), the
degree of synergy and electrochemical enhancement (E) were
estimated”® using eqn (8) and (9).

[kpec — (kpc + kE)]
kpec

SI = (8)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Here, kpgc, kpc, and kg are the rate constants obtained for
photoelectrocatalytic, photocatalytic, and electrocatalytic
processes. The synergistic index (SI) of 1.612 was estimated.
A synergistic index that exceeds zero implies that improvement
in the photoelectrocatalytic process emanates from the harmo-
nious alignment between the individual -electrocatalytic
and photocatalytic processes.’® Moreover, an estimated 93%
electrochemical enhancement was observed during the photo-
electrocatalytic degradation of CPX. This implies that the
electrochemical driving force has an overwhelming impact on
the degradation efficiency of CPX.

3.6 Influence of current density and concentration on the
degradation of CPX

The influence of various electrochemical parameters on the
degradation efficiency of CPX during photoelectrocatalysis
was also evaluated in 0.1 M Na,SO, electrolyte at neutral pH.
The degradation efficiency of CPX grew proportionally with
increased applied current density. Degradation efficiencies of
82%, 94%, and 96% were obtained upon applying 3 mA cm 2,
5 mA cm %, and 10 mA cm > current densities, respectively,
as shown in Fig. 3e. This further corroborates the superior
influence of current density on the photoelectrocatalytic tech-
nique, which arises from improved mass transfer across the
BiOCI/NiTiO; heterostructured photoanode-electrolyte inter-
face. Thus, enhanced migration efficiency of mobile species,
including photogenerated charges and ROS, results in a more
pronounced charge separation advantage gained by the BiOCl/
NiTiO; photoanode during the process. Additionally, the per-
formance of the BiOCI/NiTiO; heterostructured photoanode in
different concentrations of CPX was evaluated. The degradation
efficiencies decreased gradually from 97% to 89% as the initial
concentration of CPX increased from 3 mg L™" to 10 mg L™*
(Fig. 3f). This pattern may be attributed to the presence of more
analytes competing to interact with the reactive oxygen species
generated in the system as the initial concentration increases.

3.7 Reusability, stability and scavenger studies

The stability of the BiOCI/NiTiO; heterostructured photoanode
was examined by subjecting it to multiple cycles of photoelec-
trocatalytic degradation of CPX. The photoanode exhibited
remarkable stability at operating conditions involving pH 7
and 5 mA cm ™2 applied current density. An average degradation
efficiency of 92.5% was obtained through five cycles of photo-
electrocatalytic degradation of CPX, as shown in Fig. 4a. The
stability displayed by the photoanode suggests that a consistent
charge separation and interfacial charge migration efficiency
occurred each time the photoanode was applied. Moreover, this
stability further indicates the viability of the heterostructured
photoanode for real-time applications. The structural property
of the BiOCI/NiTiO; heterostructured semiconductor photo-
anode was examined after its use for multiple cycles of photo-
electrocatalytic degradation of CPX. The structural integrity of
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the heterostructured semiconductor was preserved after photo-
electrocatalytic application, as shown in Fig. S3.

The degradation of CPX on the BiOCI/NiTiO; heterostruc-
tured photoanode during photoelectrocatalytic degradation
occurred through the influence of reactive oxygen species
generated during the process. Due to their high reactivity and
low stability, these species attack the bonds of the target
organic pollutant non-selectively, resulting in oxidation. In
addition to the photogenerated holes and electrons, influential
species commonly generated in photoelectrocatalytic systems
include hydroxyl radicals and superoxide radicals. Each species
was trapped independently using chemical inhibition agents to
quench and render them inactive during the photoelectrocata-
lytic process. Notably, upon inhibiting the activity of *OH in
the system with terephthalic acid, the degradation efficiency
declined by 15% (Fig. 4b), showing that *OH was the most
predominant ROS responsible for the degradation of CPX.
A 27% reduction in the degradation efficiency upon trapping
hyg with EDTA suggests that the photogenerated hole also
played a significant role in the degradation process. However,
drastic contractions in the degradation efficiency were obtained
upon inhibiting 0,°” and ecg to 21% and 36%, respectively,
indicative of a limited influence of these species in the degra-
dation of CPX. Eqn (10)-(14) show possible formation routes for
the species in the photoelectrocatalytic system.

BiOCI/NiTiO; heterostructured photoanode + hv

— BIiOCI/NiTiO; (hyg, ecs) (10)

hyp + H,O — *OH + H' (11)

hyg + OH  — °*OH (12)

ecg + Oy > 0,°7 (13)

(*OH, 0,°~, h") + ciprofloxacin — CO, + H,0 (14)

3.8 Proposed Z-scheme mechanism of the heterostructured
photoanode

The proposed scheme illustrated in Fig. 4c shows that the
BiOCI/NiTiO; heterostructured photoanode exhibits type II
behaviour. Photogenerated holes and electrons are produced
in the semiconductors upon irradiation, resulting in the for-
mation of valence and conduction bands within their inter-
facial structure, as illustrated by eqn (9). Before contact
between the pristine semiconductors was initiated, the con-
duction band and valence band of NiTiO; partially overlapped
with the energy band edges of BiOCl, as obtained from the
calculations of UV-vis DRS and Mott Schottky plots. Following
contact initiation, Fermi level alignment is achieved within the
heterostructure photoanode, resulting in a staggered align-
ment. Generally, heterostructure mechanisms and formation
between interacting semiconductors are influenced by band
bending or internal electric fields created at the interface of the
participating semiconductors. Other influencing parameters
include the position of their conduction and valence band
edges, the semiconductor type, Fermi energy levels, and work
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photoanode.

function.' Typical of a type II (Z-scheme) alignment, the
electron from the conduction band of BiOCl recombines with
the holes in the valence band of NiTiO; upon irradiation
through interfacial transmission.’>>" This spontaneous trans-
mission leads to the formation of an internal electric field at
the interface of the heterostructured photoanode, which is
often observed in p-n heterostructure behavior.”> The induced
internal electric field gives rise to an upward band bending and
electron depletion (hole accumulation) in NiTiO;, while a
downward band bending and electron accumulation in BiOCI
is initiated. This results in attraction between the positively
charged valence band of NiTiO; and the negatively charged
conduction band of BiOCl at the heterostructured photoanode
interface, allowing electrons to migrate from the conduction
band of BiOCI to the valence band of NiTiOj;. Since the Fermi
level of BiOCI (0.37 eV) is more positive than that of NiTiO;
(—0.36 eV), the proposed mechanism agrees with Z-scheme
behaviour, which allows electron migration from the semi-
conductor with a higher Fermi level to the semiconductor with
a lower Fermi level.”

574 | Mater. Adv, 2026, 7, 564-576

Similarly, the internal electric field formed within the BiOCl/
NiTiO; interface promoted spontaneous interfacial electron
diffusion from BiOCI due to its lower work function (Wy) (range
of 5.19-5.56 €V vs. NHE, pH = 7°%%) to NiTiO; with a higher
work function (W; = 5.86 eV vs. NHE, pH = 7°°). This migration
path is triggered by the ease of electron mobility from the core
to the surface of a semiconductor with a lower work function in
a heterostructured semiconductor.”® Consequently, available
holes at the valence band of BiOCI readily react with water to
form hydroxyl radicals (*OH), and separated electrons at the
conduction band of NiTiO; react with dissolved oxygen in the
system to form superoxide radicals (O,°") as represented in
eqn (10) and (11). The formation of O,°" is stimulated by the
more negative potential (—0.74 eV) attainable at the conduction
band of NiTiO; than 0,/0,*” = —0.33 V vs. NHE standard
potential, while *OH formation is encouraged by a more
positive potential (3.4 eV) reached by the valence band of BiOCl
than the standard potential of H,0/0, = 2.37 V vs. NHE.
Additionally, the significant charge separation modelled by
the BiOCI/NiTiO; heterostructured photoanode agrees with its

© 2026 The Author(s). Published by the Royal Society of Chemistry
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transient photocurrent response, which is twice the responses
obtained for individual semiconductors. This accelerated
photogenerated charge separation and reduced recombination
arising from charge redistribution eases reactive oxygen species
generation, while improving charge mobility. Consequently,
the oxidation process involving the breaking of the organic
bond in CPX to non-toxic H,O and CO, occurs at the photo-
anode surface.

4. Conclusion

The BiOCI/NiTiO; heterostructured semiconductor and its
photoanode were successfully fabricated and applied for the
photoelectrocatalytic degradation of ciprofloxacin in water. The
synergistic integration gained from combining BiOCl and
NiTiO; semiconductors yielded a superior heterostructured
photoanode with improved charge separation and mobility.
The results from the electrochemical, optical, and photoelec-
trocatalytic characterization of the semiconductors showed that
superior charge transfer and reduced charge recombination are
easily attainable in BiOCI/NiTiO; compared with the individual
semiconductors. Moreover, the BiOCI/NiTiO; heterostructured
photoanode achieved more impressive efficiency than the
individual BiOCI/NiTiO; photoanodes when applied for the
photocatalytic degradation of 5 mg L™" of CPX. The overall
photoelectrocatalytic degradation was generally performed by
maintaining operating conditions of 5 mA cm ™" current den-
sity, 50 mL working solution containing 0.1 M Na,SO, support-
ing electrolyte at neutral pH, and a 150 W lamp. The proposed
reaction mechanism deduced from optical properties revealed
that the BiOCI/NiTiO; heterostructured photoanode exhibits
Z-scheme behaviour. The calculated valence band of BiOClI
exceeding the standard oxidation potential required for water
oxidation (H,0/O, = 2.37 V vs. NHE) explains the significance of
h" during CPX degradation and the ease of hydroxyl radical
generation in the system. These findings underscore the impor-
tance of rational heterostructured photoanode designs in
advancing photoelectrocatalytic technologies in wastewater
remediation.
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