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Engineered Z-scheme semiconductor systems offer promising strategies for the removal of antibiotics from

contaminated water. Here, we report the fabrication of a Z-scheme heterojunction by coupling two-
dimensional (2D) bismuth oxybromide (BiOBr) nanosheets with three-dimensional (3D) magnesium

indium sulfide (Mgln,S,) nanoflowers to enhance the photocatalytic degradation of ciprofloxacin (CIP)

under visible light irradiation. The BiOBr/Mgin,S,; composite was synthesized through a simple in situ
hydrothermal method, and comprehensive characterization techniques, including X-ray diffraction (XRD),
field-emission scanning electron microscopy (FESEM), and transmission electron microscopy (TEM),
confirmed the successful formation of a highly intimate 2D/3D heterojunction. Among the various

composites, the BiOBr/30%Mgln,S, heterojunction exhibited the highest CIP degradation efficiency,

achieving 89.9% within 60 minutes, significantly outperforming the pristine BiOBr (52.6%) and Mgln,S,4

(58.5%) under visible light. This remarkable enhancement in photocatalytic activity is attributed to the

synergistic effects of improved visible light absorption and, more critically, efficient charge separation, as

evidenced by photoelectrochemical

measurements and photoluminescence spectroscopy. X-ray

photoelectron spectroscopy (XPS), Mott—Schottky analysis, and radical trapping experiments provided
conclusive evidence for a Z-scheme charge transfer mechanism. This mechanism facilitates the spatial

separation of charge carriers, where oxidative holes in the valence band of BiOBr are preserved for direct
CIP oxidation and hydroxyl radical (‘OH) generation, while the reductive electrons in the conduction

band of Mgln,S; drive the generation of superoxide radicals (O, 7).
demonstrated excellent reusability, maintaining its performance over five consecutive cycles. These
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Moreover, the composite

findings offer valuable insights into the design and optimization of efficient 2D/3D Z-scheme
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1 Introduction

The persistent contamination of global water resources by
pharmaceutical pollutants represents a critical environmental
challenge of the 21st century.” Among these contaminants,
antibiotics pose a particular threat due to their biological
activity, persistence, and role in promoting antimicrobial
resistance.* Ciprofloxacin (CIP), a second-generation fluoro-
quinolone antibiotic,® is among the most frequently detected
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organic contaminants from water.

photocatalysts for advanced environmental remediation applications, particularly in the removal of

antibiotics in water systems due to its broad-spectrum efficacy
and high consumption.® Its stable molecular structure, char-
acterized by a piperazinyl ring and a quinolone moiety, makes it
recalcitrant to natural degradation and conventional treatment
methods like adsorption, coagulation, and biological
processes.” These methods often transfer the pollutant to
another phase (such as sludge) rather than mineralizing it,
creating a secondary waste problem.® Consequently, there is an
urgent and critical need to develop advanced, efficient, and
sustainable technologies for the complete removal of CIP and
other antibiotic residues from water.

Heterogeneous photocatalysis has emerged as a promising
advanced oxidation process (AOPs) for antibiotic degradation,
utilizing solar energy to generate reactive oxygen species that
can mineralize organic pollutants.® Typically, AOPs are based on
the in situ generation of reactive oxygen species (ROS), such as
holes (h*), hydroxyl radicals ("OH), and superoxide anions
(Oy"7), which can non-selectively oxidize and mineralize
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complex organic pollutants into harmless end products like
CO, and H,0." However, the efficiency of this process is
fundamentally affected by three key factors: rapid recombina-
tion of photogenerated charge carriers, limited visible-light
absorption, and insufficient redox potential in single-
component photocatalysts.'* While various strategies have
been developed to overcome these issues, the construction of
heterojunction photocatalysts with aligned band structure has
demonstrated its effectiveness in enhancing charge separation
through interfacial engineering.’>* Traditionally, a type-II
heterojunction is formed, where the band edges are staggered.
This allows photogenerated electrons to migrate to the semi-
conductor with the conduction band (CB) that is more positive,
while holes transfer to the semiconductor with the valence band
(VB) that is more negative. While this spatial separation reduces
recombination, the electrons and holes accumulate on less
negative CB and less positive VB, respectively, significantly
weakening their redox abilities.">*® This trade-off between
charge separation and redox power is a fundamental drawback
of the type-II mechanism for degrading highly stable pollutants
like CIP, which require strong oxidative potential. Therefore,
using the type-II band alignment, a Z-scheme heterojunction
simultaneously achieves superior spatial charge separation and
maintains the strongest possible redox potentials, making it
ideal for photocatalytic reactions such as pollutant
degradation.'”®

Moreover, the selection of appropriate semiconductors is
important for constructing an efficient Z-scheme system. BiOBr,
a two-dimensional (2D) p-type semiconductor, has attracted
considerable attention due to its unique layered structure,
chemical stability, and appropriate valence band position with
strong oxidative capability."” However, its wide band gap
restricts visible light absorption.”® On the other hand, MgIn,S,
is a three-dimensional (3D) n-type semiconductor, which is
visible-light-driven with a narrower band gap and excellent
chemical stability. Its more negative conduction band position
is suitable for reduction reactions.*>** Individually, both mate-
rials suffer from rapid charge recombination. However, their
complementary band structures and opposite semiconductor
types (p—n) make them ideal candidates for forming a hetero-
junction. Furthermore, 2D nanomaterials offer exceptional
advantages, including abundant active sites, high surface-to-
volume ratios, and short charge migration paths.”® Their
structure facilitates strong interfacial contact with other
components and provides enhanced accessibility to reaction
sites.** Conversely, 3D hierarchical structures provide robust
frameworks with improved light harvesting through multiple
scattering effects, enhanced mass transfer capabilities, and
better structural stability.”® Therefore, the construction of a 2D/
3D interface between BiOBr nanosheets and MgIn,S, micro-
spheres offers a large contact area, facilitating efficient inter-
facial charge transfer and providing abundant surface-active
sites.

Heterojunctions such as CdS/BiOBr,*® BiOBr/Bi,0,S,” SnO,/
BiOBr,”® Mgln,S,/CdS,” g-C3N,/MgIn,S,;,>* BN/ZnzIn,Se,*
W;50,6/BisNbOgCl,** and so on, have been constructed for the
treatment of organic pollutants in water. Herein, we proposed
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a rational design and synthesis of a 2D/3D BiOBr/MgIn,S, Z-
scheme heterojunction photocatalyst for the enhanced degra-
dation of Ciprofloxacin. We systematically investigate the
synthesis, optical properties, morphology, and photocatalytic
performance of the BiOBr/MgIn,S, composite. Through
a combination of spectroscopic techniques and radical trapping
experiments, we provide evidence for the Z-scheme charge
transfer mechanism. This study not only presents an efficient
photocatalyst for mitigating antibiotic pollution but also offers
insights into the electronic principles governing charge
dynamics in advanced heterojunction systems, paving the way
for the rational development of advanced photocatalysts.

2 Experimental section
2.1 Materials used

Bismuth nitrate pentahydrate (Bi(NO;); 6H,0), sodium
hydroxide (NaOH), L-cysteine, magnesium nitrate hexahydrate
(Mg(NO3), 6H,0), deionized water, indium chloride (InCls),
ethanol, potassium hexacyanoferrate (u) (K,Fe(CN)s), poly-
vinylidene fluoride (PVDF), ethylenediaminetetraacetic acid di-
sodium salt (Na,EDTA), silver nitrate (AgNO;), p-
Acrylamide(AA), isopropanol (IPA), Ciprofloxacin (CIP), potas-
sium chromate (K,Cr,O,), potassium hexacyanoferrate (i)
(K3Fe(CN)g), and N-methyl-2-pyrrolidone (NMP) were used for
this study and purchased from Sigma-Aldrich (South Africa).

2.2 Synthesis of bismuth oxybromide (BiOBr)

The BiOBr nanosheets were prepared via a hydrothermal
approach using the synthesis approach described by Lixin
et al.** In this process, Bi(NO3);. 5H,0 (0.002 mol) and potas-
sium bromide (0.0021 mol) were dissolved in 50 mL of deion-
ised H,O and sonicated for 30 min. The resulting solution was
subjected to hydrothermal treatment for 24 h at 180 °C. After
cooling, the synthesised product was washed repeatedly with
deionised H,O and ethanol before drying for 8 h.

2.3 Synthesis of magnesium indium sulfide (MgIn,S,)

A mixture containing 0.2 mmol of magnesium nitrite hexahy-
drate (Mg(NO),-6H,0), indium(m) chloride 0.4 mmol, L-
cysteine (0.9 mmol) was prepared in a beaker. The solution
was stirred for one hour before transferring to a Teflon-lined
autoclave. The autoclave was then placed in a furnace and
heated for 24 h at 180 °C. After the reaction, the resulting solid
was separated via centrifugation and thoroughly washed three
times with both deionized water and ethanol. Finally, the
product was dried for eight hours at 70 °C to obtain pure
MgIn,S,.*

2.4 Synthesis of BiOBr/MgIn,S,

The hydrothermal in situ method was employed to synthesize
the heterojunction. Different mole ratios (10%, 20%, 30%, and
50%) of the as-synthesized MgIn,S, were weighed and dispersed
into four separate beakers, each containing 20 mL of deionized
water. The mixtures were sonicated for 1 hour to ensure

© 2026 The Author(s). Published by the Royal Society of Chemistry
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uniform dispersion. Subsequently, BiOBr was synthesized in
each beaker following the procedure described in Section 2.2.

2.5 Characterisation and instruments

The detailed procedures of the instruments used for charac-
terisation are listed in the SI section.

2.6 Photocatalytic degradation experiments

Photocatalytic degradation tests were conducted using a 100 W
Xenon solar lamp as the light source, placed at a fixed distance
of 10 cm from the solution. In a typical procedure, 40 mg of the
synthesized catalyst was added to 50 mL of an aqueous
ciprofloxacin (CIP) solution (10 mg L *, pH 7). This suspension
was first stirred in the dark for 20 minutes to allow the system to
reach adsorption-desorption equilibrium. Upon turning the
lamp on, 3 mL aliquots were withdrawn at scheduled time
intervals. The solid catalyst was subsequently separated from
these samples by centrifugation (7000 rpm, 10 min), and the
supernatant was examined. The residual ciprofloxacin (CIP)
concentration was quantified using a UV-Vis spectrophotometer
at 278 nm to evaluate photocatalytic efficiency at 10-minute
intervals. To assess the reusability and stability of the catalyst,
successive photocatalytic degradation cycles were performed
under identical conditions. After each cycle, the catalyst was
recovered by centrifugation, washed thoroughly with deionized
water and ethanol to remove any adsorbed intermediates, dried
at 60 °C overnight, and reused in the subsequent run. The
degradation efficiency was monitored over five consecutive
cycles.
The degradation efficiency was calculated using eqn 1

% Degradation efficiency = (1 - C%) x 100 (1)

2.7 Radical trapping experiment

The major reactive species participating in the oxidation
mechanism were investigated through radical trapping experi-
ments. Specific scavengers (2 mM each) were introduced to
selectively inhibit different active intermediates: isopropanol
(IPA) for hydroxyl radicals (‘OH), Acrylamides (AA) for super-
oxide radicals (O, "), and sodium EDTA for photogenerated
holes (h"), these controlled trapping experiments helped eluci-
date the predominant pathways involved in the photocatalytic
degradation process.

3 Results and discussion
3.1 Structural and morphological studies

The structural properties and crystalline phases of the syn-
thesised materials were confirmed using the XRD analysis. As
displayed in Fig. 1a, the diffraction peaks of MgIn,S, at peak
positions: 14.07°, 23.23°, 27.42°, 28.88", 33.18°, 43.57", 47.79",
56.09°, 59.43° & 66.72° correspond to the kI (111), (220), (311),
(222), (400), (333), (440), (533), (444), & (731) planes, respec-
tively, confirming the cubic phase of MgIn,S, (JCPDS No. 04-
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007-9835). The synthesised BiOBr shows characteristics peaks at
10.76°, 21.79°, 25.05°, 31.59°, 32.10°, 40.43°, 44.62°, 46.12°,
50.60°, 53.27°, 56.11°, 57.06°, 70.96°, & 76.58" which are well
indexed to the hkl planes (001), (002), (101), (102), (110), (103),
(004), (103), (200), (104), (211), (114), (212), (006) & (310) of the
tetragonal phase BiOBr (JCPDS No. 00-009-0393). The spectra
show minimal peak broadening, thus indicating good crystal-
linity. In the BiOBr/MgIn,S, composite, the XRD diffraction
pattern showed the combination of peaks from both BiOBr and
MgIn,S, without additional phase, confirming the successful
synthesis of a heterojunction rather than a new compound.
However, a minor 26 shift (>0.5") was observed in the (111) and
(222) planes of MgIn,S, in BiOBr/MgIn,S, which can be
attributed to interfacial strain®!, because of the synthesis
method.

In addition, the crystallite sizes of the photocatalysts were
determined using the Scherrer equation (eqn (2))** and the data
extracted from the XRD analysis (Table S1)

KA
- G cos 8 2)

where A = X-ray wavelength (usually 0.1540 nm for Cu-Koa
radiation), K = 0.9 for materials (a factor), # = Peak diffraction
angle (in radians), D = Crystallite size and 8 = Full width at half
maximum (FWHM, in radians). The calculated average crystal-
lite sizes for BiOBr, MgIn,S, and BiOBr/MgIn,S, composite
were 322.67 nm, 93.63 nm & 287.74 nm, respectively. Materials
with smaller crystallites offer high surface area and more active
sites but experience increased recombination due to short
diffusion length, while larger crystallite enhances crystallinity
and charge transport but tend to reduce surface reactivity.*®
Therefore, the BiOBr/MgIn,S, composite with reduced crystal-
lite size from 322.67 nm in MgIn,S,;, combines the surface
activity of BiOBr and the charge mobility of MgIn,S, to form
a heterojunction with improved charge separation and
enhanced photocatalytic activity.

The surface morphology of the photocatalysts was examined
using FESEM. As displayed in Fig. 1b, the BiOBr micrograph
shows a hierarchical morphology of nanosheets assembled into
a flower-like microstructure. These nanosheets are loosely
stacked and layered, which favours surface redox reaction.”> On
the other hand, the MgIn,S, micrograph (Fig. 1c) displays
awell-defined three-dimensional (3D) microsphere that is made
up of interconnected nanoflakes. This morphology offers rough
surface texture and high porosity, which are beneficial for
visible light harvesting and easy charge transport.* In the
BiOBr/MgIn,S, composite (Fig. 1d), a mixed morphology is
observed where the BiOBr nanosheets are uniformly anchored
onto the surface of the MgIn,S, nanoflakes, resulting in a well-
integrated 2D/3D heterostructure with strong interfacial inter-
action, improved light harvesting, and effective charge mobility,
which affects the overall degradation efficiency.

Furthermore, the TEM micrographs of BiOBr (Fig. 1e) also
reveal the nanosheet-like structure in a loosely and layered
arrangement, while the MgIn,S, micrograph (Fig. 1f) reveals
a dense spherical structure composed of interconnected flakes.
Similarly, the TEM image of BiOBr/MgIn,S, shown in Fig. 1g
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micrograph of (e) BiOBr, (f) MgIn,S, (g) BiIOBr/30%Mglin,S,.
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(@) XRD diffraction pattern of BiOBr, Mgln,S4 & BiOBr/Mgln,S4. FESEM micrograph of (b) BiOBr, (c) Mgln,S,, (d) BiOBr/Mgin,S,. TEM
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confirms the interfacial interaction between BiOBr and
MglIn,S,, with some areas showing lattice fringes, thus con-
firming the crystallinity of the material.”

3.2 Elemental composition

The chemical states and surface composition of the as-
synthesized BiOBr, MgIn,S, & BiOBr/Mgln,S, were investi-
gated using XPS measurement. The survey scan (Fig. S1)
confirms the presence of bismuth, oxygen, bromine, and
magnesium, indium, and sulphur in BiOBr, MgIn,S,, and
BiOBr/MglIn,S,. Furthermore, the spectra of Bi 4f, Mg 1s, O 1s,
Br 3d, In 3d, & S 2p were further investigated to verify the
oxidation states and investigate any binding energy shifts
associated with interfacial electronic interactions. The Bi 4f
spectra (Fig. 2a) show two peaks of Bi 4f;,, & Bi 4f;;, at binding
energies of 159.2 eV & 164.6 eV for BiOBr, which shifted to
159.5 eV & 164.9 eV for BiOBr/MgIn,S,. Also, the O 1s spectra
(Fig. 2b) show two peaks at 530.2 eV & 531.6 eV for BiOBr, which
correspond to the lattice oxygen (Metal-Oxygen bond) and are
shifted to 530.3 eV & 531.9 eV in BiOBr/MgIn,S,. Furthermore,
the Br 3d spectra (Fig. 2c) show a peak at a binding energy of
68.4 eV in BiOBr and 68.8 eV in BiOBr/MgIn,S,. On the other
hand, the Mg 1s spectra (Fig. 2d) show a peak at a binding
energy of 1303.6 eV for MgIn,S, and 1302.7 eV for BiOBr/
MgIn,S,. The In 3d spectra (Fig. 2e) show two peaks that
correspond to In 3d5/2 and 3d3/2 at binding energies of
444.4 eV & 452.0 eV for MgIn,S, and 442.7 eV & 452.9 eV for
BiOBr/MgIn,S,, respectively. Finally, the S 2p spectra (Fig. 2f)
show two peaks, which are attributed to S 2p3/2 & 2p1/2 at
binding energies of 161.1 eV & 164.2 eV for MgIn,S,, and
159.5 eV and 164.7 eV for BiOBr/MgIn,S,, respectively.

In summary, upon the formation of BiOBr/MgIn,S, hetero-
junction, the core level positions of all elements undergo posi-
tive and negative shifts relative to the pristine semiconductors.
As clearly illustrated in Table 1, the Bi 4f, O 1s & Br 3d shift to
a higher binding energy from BiOBr to BiOBr/MgIn,S,. Like-
wise, the Mg 1s, In 3d & S 2p shift to lower binding energy from
MgIn,S, to BiOBr/MgIn,S,, although with minor deviation in
the In 3ds/, and S 2p,,, orbitals that undergo a shift to higher
binding energy. Therefore, this shift suggests that electrons
were transferred from BiOBr to MgIn,S, upon heterojunction
formation. This implies that there is a reduction in electron
density around the elements of BiOBr, leading to electron
accumulation on the surface of Mgln,S,. The slight positive
shifts observed for In 3d;/, and S 2py/, could be attributed to
partial surface oxidation of sulphur or indium due to interac-
tion with oxygen.*®

In all, the XPS results demonstrate that strong electronic
interaction occurs at the interface of BiOBr/MgIn,S,, estab-
lishing the formation of an internal electric field and favourable
band alignment for effective charge separation.

3.3 Photoelectrochemical properties and optical studies

The Nyquist plots (Fig. 3a), with the equivalent circuit model
(Fig. S2), revealed a decrease in charge transfer resistance (Rc)
value of BiOBr/MglIn,S, (71 Q) relative to the pristine BiOBr (155

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Q) and MgIn,S, (210 Q). In EIS measurements, the semicircle
radius in the high frequency region relates to the R at the
semiconductor-electrolyte interface.** The smaller R. value
observed for BiOBr/Mgln,S, indicates that there is more effi-
cient interfacial charge separation and faster electron transfer
kinetics. It can be attributed to the strong contact between
BiOBr and MgIn,S, in the heterojunction formation, thereby
leading to suppression of charge recombination of photogene-
rated carriers.

The transient photocurrent response provided complemen-
tary evidence. As shown in Fig. 3b, the BiOBr/30% MgIn,S,
exhibits photocurrent density of 0.057 mA cm ™2, which is the
highest, when compared with 0.033 mA cm ™2, 0.029 mA cm 2,
0.01 mA cm 2, 0.036 mA cm 2, 0.048 mA cm > of BiOBr,
MgIn,S,, BiOBr/10% MgIn,S,, BiOBr/20% MgIn,S; & BiOBr/
50% Mgln,S,, respectively. The enhanced photocurrent
response of BiOBr/30% MgIn,S, can be attributed to the
heterostructure formation using the optimal ratio of BiOBr to
Mgln,S,, which promotes efficient charge transfer of photog-
enerated electrons and holes to the suitable reaction sites while
maintaining strong redox potentials. In addition, the stability of
the photocurrent over repeated on/off light cycles confirms the
photostability of the photocatalyst.

Moreover, the UV-Vis DRS spectra of BiOBr, MgIn,S,, and
different mole ratios of BiOBr/Mgln,S, heterojunction are
illustrated in Fig. 3c. BiOBr possesses an absorption edge in the
ultraviolet region at a wavelength of 471 nm, with limited
absorption in the visible region. In contrast, MgIn,S, shows
strong and broad absorption in the visible light region at
a wavelength of 677 nm. Upon the formation of a hetero-
junction, an increasing ratio of MgIn,S, in the composite leads
to enhanced visible light absorption. Hence, BiOBr/10%
MglIn,S,, BiOBr/20% MgIn,S,, and BiOBr/50% MgIn,S, exhibit
absorption wavelengths of approximately 518 nm, 551 nm, and
659 nm, respectively, while BiOBr/30% MgIn,S, possesses an
absorption wavelength of 610 nm. Therefore, the broader
absorption range is expected to promote higher photogenerated
charge carrier density under visible light, leading to enhanced
photocatalytic performance.*’

Furthermore, the photoluminescence spectra (PL) were
measured to gain insights into the charge carrier recombination
mechanism of the photocatalysts. In general, a strong PL
emission corresponds to a fast recombination rate of photog-
enerated electrons and holes, whereas a weaker PL intensity
indicates more efficient charge separation and transfer.** As
shown in Fig. 3d, pristine BiOBr and MgIn,S, exhibited strong
PL signals, suggesting fast recombination of charge carriers and
limited photocatalytic efficiency. In contrast, the BiOBr/30%
MglIn,S, heterojunction displayed significantly reduced PL
intensity compared with the individual photocatalyst, high-
lighting its enhanced ability to suppress charge recombination.
This observation is consistent with the photocatalytic degra-
dation results and kinetic studies, confirming that the
enhanced activity of the heterostructures arises from the effi-
cient charge separation and transfer at the BiOBr/30% MgIn,S,
interface.
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Fig. 2 XPS spectra of (a) Bi 4f, (b) O 1s, (c) Br 3d of BiOBr & BiOBr/Mgln,Sa, (d) Mg 1s, (e) In 3d (f) S 2p of MgIn,S4 & BiOBr/30%MglIn,Sa.

3.4 Calculation of band energies

The band gap energies of BiOBr and MgIn,S, were estimated
from the Tauc plots. As shown in Fig. 4a, the extrapolated value
for BiOBr is 2.59 eV, while MgIn,S, possesses a narrower band
gap of 1.78 eV, which is consistent with its strong visible light

4672 | RSC Adv, 2026, 16, 4667-4679

absorption. The conduction (Egg) and valence band (Evg)
energies were calculated using the extrapolated band gap (Eg)
values in eqn (4) and (5).

ECB =X- EC - OSEg (3)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Binding energies of orbitals of BiOBr, Mgln,S4, and BiOBr/
Mg|n254

Binding energy (eV)

Orbitals BiOBr BiOBr/MgIn,S, MglIn,S,
Bi 4f,), 159.2 159.5 —

Bi 4fs), 164.6 164.9 —

0 1s (M-0) 530.2 530.3 —

0 1s (-OH) 531.6 531.9 —

Br 3d 68.4 68.8 —

Mg 1s — 1302.7 1303.6
In 3ds), — 442.7 444.4
In 3d;), — 452.9 452.0
S 2ps — 159.5 161.1
S 2py1 — 164.7 164.2

X is the Mulliken electronegativity, which was calculated to be
6.17 (ref. 42) and 4.68 for BiOBr and MgIn,S,, respectively. And,
E( is the energy of free electrons on the hydrogen scale, usually
4.5 eV.

Therefore, the Ecg & Eyg are +0.38 eV & +2.97 eV for BiOBr
and —0.71 eV & +1.14 eV for MgIn,S,, respectively.

Additionally, from the Mott-Schottky analysis, the semi-
conductor type and flat-band energy (Eg, vs. Ag/AgCl) were

150
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|—a— BiOBY/ 30% Mgin,S,

100 4

a
N
50 4
04
0 50 3 200 250
Z(Q)
(a)
f=MglnaS4
2.0 |—— BIiOBr/ 50% MginySy|
|—— BIOBr! 30% MginySy/
[~ BiOBr/ 20% Mgln2S4|
154 (= BiOBr/ 10% Mgin2S4|
— [— BiOBr
El
A
o
o
c
©
£
o
@
2
<

Wavelength (nm)

(c)

Fig.3

(d)

(a) Nyquist plot of BiOBr, MgIn,S4 and BiOBr/30% Mgin,S, (b) photocurrent response (c)UV-Vis DRS spectra of BiOBr, Mgln,S4, BiOBr/10%

View Article Online
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determined. The negative slope observed for BiOBr (Fig. 4b)
confirms that it is a p-type semiconductor with Eg, value of
+0.038 V, while the positive slope observed for MgIn,S, (Fig. 4c)
confirms that it is an n-type semiconductor with Eg, value of
—0.97 V. Eqn (3) was used to convert the Eg, value to the normal
hydrogen electrode standard. Therefore, the Eg, (Vs NHE) for
BiOBr and MglIn,S, are 0.23 eV and —0.78 eV.

(4)

E(NHE) == E(Ag/AgCl) + 0194

However, it is assumed that the Ecg is more negative Eg, with
0.1-0.2 for an n-type semiconductor, while for a p-type semi-
conductor, the Ecg is more positive than the Eg,.**

Using eqn (4) and (5), taking AE = 0.1, the Ecp of BiOBr and
MglIn,S, are +0.33 eV and - 0.88 eV, respectively, which are
remarkably close to the calculated values. Therefore, the VB of
BiOBr and MgIn,S, are 2.92 eV and 0.9 eV, respectively (Fig. 4d).

EVB = ECB + Eg (5)
Ecp = Ep, — AE for n-type (6)
Ecg = Eg, + AE for p-type (7)

0.00010

[——BioBr

— Mgin,S,
|——BiOB/ 10% Mgin,S,
\—— BiOBr/ 20% Mgin,S,
I—— BiOBr/ 30% Mgin,S,
|—— BiOBr/ 50% Mgin,S,

0.00008
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0.00004

Photocurrent density (A/cm?)
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0.00000

Time (s)

(b)

= BiOBr
——MgIn,S,

F—— BiOBr/ 30% Mgln,S,|

800000
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400000 4
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200000

590 600 610 620 630

Wavelength (nm)
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Mgln;S4, BiOBr/20% Mgin,S4, BiOBr/30% Mgin,S, and BiOBr/50% Mgln,S, (d) photoluminescence spectra of BiOBr, Mgln,S, and BiOBr/30%

Mg|n254.
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3.5 Photodegradation, kinetic, reusability, mineralisation
studies

The degradation efficiency of the BiOBr/MgIn,S, heterojunction
was investigated using 10 mg L' ciprofloxacin (CIP) under
visible light irradiation. Prior to illumination, the adsorption
equilibrium was evaluated by maintaining the photocatalyst in
the pollutant suspension in the dark for 20 min. As shown in
Fig. 5a, the adsorption contribution was approximately 10%,
16%, 27%, 27%, 32%, and 27% for BiOBr, MgIn,S,, BiOBr/10%
MgIn,S,, BiOBr/20% MglIn,S,, BiOBr/30% MgIn,S, & BiOBr/
50% MgIn,S, respectively. These results indicate that the
incorporation of BiOBr into MglIn,S, slightly enhances the
adsorption capacity, which is likely due to the improved surface
affinity and increased surface area of the composites compared
with the pristine materials. And the degradation efficiency,
when only light was used, was calculated to be 2%.

Upon visible-light irradiation for 60 min, the photocatalytic
degradation efficiencies of BiOBr, MgIn,S, BiOBr/10% MgIn,S,,
BiOBr/20% MgIn,S,;, BiOBr/30% MgIn,S,; and BiOBI/50%
MglIn,S, were calculated to be 52.6%, 58.5%, 80.3%, 84.4%,
89.9%, & 77.6%, respectively. The composite photocatalysts
exhibited higher activity than the pristine materials, confirming

4674 | RSC Adv, 2026, 16, 4667-4679

(d)

(a) Tauc plot of BiOBr and Mgln,S,. Mott Schottky plot (b) BiOBr (c) Mgln,S,4 (d) illustration of band positions of BiOBr and Mgln,Sy.

the synergistic effect of the BiOBr/MgIn,S, heterojunction.
Notably, the BiOBr/30% MgIn,S, heterostructure displayed the
highest degradation efficiency, suggesting that an optimal loading
of MgIn,S, facilitates efficient interfacial charge separation and
transfer. However, excessive loading (50%) led to a reduction in
performance, which could be attributed to the surface coverage of
active sites. These findings demonstrate that band gap tuning of
the BiOBr/30% MgIn,S, heterojunction composition significantly
enhances photocatalytic performance.

To further evaluate the photocatalytic performance, the
degradation kinetics of the photocatalyst over the degradation
of CIP were analysed using the pseudo-first-order kinetics (eqn

(8)

C

0
where k = reaction rate, C, and C, = initial and final concen-
tration of CIP, and ¢ = time of degradation.

As shown in Fig. 5b, the BiOBr/30% MgIn,S, exhibited the
fastest rate of reaction with the k value 0.031 min~' as
compared to BiOBr (0.010 min~'), MgIn,S, (0.011 min "),
BiOBr/10% MglIn,S; (0.020 min~'), BiOBr/20% MgIn,S,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Degradation plot showing (a) effect of photocatalyst heterojunction, (b) Kinetic studies, (c) effect of pH, (d) stability studies, (e) radical

testing (tetracycline 10 mg L™, 60 min).

(0.019 min~"), & BiOBr/50% MgIn,S, (0.019 min'). The
enhanced rate constant reflects the accelerated charge separa-
tion and transfer dynamics within the heterojunction, which
effectively suppresses electron-hole recombination
promotes the generation of reactive species.

The effect of pH on the photocatalytic degradation of ciprofl-
oxacin was evaluated. As shown in Fig. 5¢ the maximum efficiency
of 89.9% was observed at pH 6.2. Degradation decreased at both
acidic (73.1% at pH 3) and alkaline conditions (80.4% at pH 8.0
and 69.5% at pH 10.6), indicating that the photocatalyst exhibits

and

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

optimal activity under near-neutral conditions. This behaviour is
due to the influence of pH on the surface charge of the photo-
catalyst and the ionization state of the pollutant, affecting
adsorption and subsequent degradation.

Moreover, the reusability of the photocatalyst was evaluated
over five consecutive cycles of ciprofloxacin degradation (Fig. 5d).
The initial cycle exhibited a degradation efficiency of 89.9%, which
slightly decreased to 87.8%, 86.8%, 84.5%, and 82.3% in the
second, third, fourth, and fifth cycles, respectively. The gradual
but minimal decline in performance indicates that the
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photocatalyst retains a high level of activity over multiple cycles,
demonstrating good stability and potential for practical applica-
tions. The minor reduction in efficiency could be attributed to
partial surface fouling or minor loss of active sites during repeated
use. In addition, the structural stability of the synthesized
composite after the photoreaction was further evaluated using
XRD analysis. As shown in the XRD patterns in Fig. S3, the char-
acteristic diffraction peaks of the composite remain unchanged in
position and intensity when compared to the unused photo-
catalyst, indicating that no phase transformation or structural
degradation occurred during the photocatalytic process.

To evaluate the extent of mineralisation, Total Organic Carbon
(TOC) analysis was performed after 60 minutes of visible-light
irradiation using the BiOBr/30% MglIn,S, heterojunction
(Fig. S4). A TOC removal efficiency of 54% was obtained, indi-
cating that more than half of the organic carbon in ciprofloxacin
was converted into inorganic products. While the UV-Vis results
showed 89.9% degradation of the parent compound, the lower
TOC value suggests the formation of intermediate organic species
that were not fully mineralised within the reaction time. The
enhanced adsorption capacity observed for the BiOBr/MgIn,S,
composites can be directly correlated with their unique 2D/3D
hierarchical morphology. SEM and TEM analyses reveal that the
ultrathin BiOBr nanosheets are uniformly anchored onto the
surface of the MgIn,S, microspheres, leading to increased surface
roughness and the exposure of additional active adsorption sites.
This architecture also creates open interstitial spaces and short
diffusion pathways, facilitating improved mass transfer and
accessibility of ciprofloxacin molecules to the catalyst surface.
Consequently, the composites exhibit higher adsorption capacity
than the pristine materials, with the BiOBr/30%MgIn,S, sample
showing the most favourable balance between surface accessibility
and interfacial contact.

3.6 Determination of reactive species

The experiment to trap radicals was conducted to determine the
dominant ROS responsible for the degradation of CIP over the
BiOBr/MglIn,S, photocatalyst. As illustrated in Fig. 5e, the addition
of Na-EDTA, a hole scavenger, caused a pronounced reduction in
the degradation efficiency from 89.9% to 42%, suggesting that the
photogenerated hole (h*) plays the primary role in the degradation
of CIP. Likewise, the addition of acrylamide lowered the degra-
dation efficiency to 48%, showing that superoxide anion radical
(0,"7) is also a major contributor to the degradation process. In
contrast, hydroxyl radical ("OH) plays a secondary role since the
addition of isopropanol reduced the degradation efficiency to
72%.

4 Proposed heterojunction and
photocatalytic mechanism

The results obtained from the Mott Schottky analysis were used
to deduce an appropriate band diagram for BiOBr and MgIn,S,.
In addition to the XPS analysis and radical testing experiment, it
was confirmed that the VB and CB used for the degradation
process must possess sufficient oxidation potential to directly
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oxidise CIP (~1.0-1.2 V) and produce ‘OH ("OH/H,0 = +2.26 V),
as well as sufficient reduction potentials to generate O,"~ (O,/
0,"” = —0.33 V). As illustrated in Fig. 5d, the band alignment of
BiOBr and MgIn,S, is the type II heterojunction. However, XPS
shows that there is an increase in electron density around
MgIn,S, and the scavenger results show that the CB of MgIn,S,
and VB of BiOBr, with the highest reduction and oxidation,
respectively, took part in the degradation process; hence, the
formation of heterojunction did not follow the type II charge
transfer mechanism.

Therefore, as displayed in Scheme 1, for a heterojunction to
be formed, the Fermi level (E;) of BIOBr and MgIn,S, must align
upon contact. To achieve this, electrons are transferred from
BiOBr to MglIn,S, as revealed by the XPS analysis, creating an
electric field, leading to electron accumulation on MgIn,S,, thus
making BiOBr hole-rich. Upon light radiation, photogenerated
electrons and holes are generated in the CB and VB, respec-
tively. The h" in the VB of MgIn,S, and the e~ in the CB of BiOBr
are relatively close to each other and can recombine easily,
leaving behind the h* in the VB of BiOBr with sufficient
potential to directly oxidise CIP or H,O to generate ‘OH, and the
e~ in the CB of MgIn,S, with sufficient potential to reduce
absorbed oxygen to O, (eqn 9-12). Therefore, the synergistic
combination of 2D BiOBr and 3D MgIn,S, forms a direct Z-
scheme heterojunction, enabling spatially redox reactions
where the highly oxidative and reductive holes and electrons,
respectively, for efficient pollutant degradation.

BiOBr/Mgln,S, + Visible light — BiOBr/MgIn,S, (e~ + h') (9)

h* + H,0 - "OH + H" (10)

e— + 02 i 02'7 (11)

h* + O,"/"'OH + CIP — Small molecules — CO, + H,O (12)

Table S3 shows how the BiOBr/MgIn,S, heterojunction
favourably compares with previously reported photocatalysts.
Compared with previously reported photocatalytic hetero-
junction systems, the present BiOBr/MglIn,S, photocatalyst
offers distinct architectural and functional advantages arising
from its 2D/3D configuration. The ultrathin BiOBr nanosheets
provide abundant exposed reactive facets and short diffusion
lengths for photogenerated holes, while the three-dimensional
MgIn,S,hierarchical microspheres enhance visible-light har-
vesting through multiple light scattering and offer efficient
electron transport pathways. This complementary structural
integration maximizes the interfacial contact area and
promotes the formation of a strong internal electric field at the
interface. More importantly, the direct Z-scheme charge trans-
fer pathway preserves the highly oxidative holes in BiOBr and
the strongly reductive electrons in MgIn,S,overcoming the
redox potential loss commonly associated with conventional
type-1I heterojunctions. As a result, the BiOBr/MgIn,S, 2D/3D
architecture achieves a synergistic enhancement in charge
separation efficiency, redox capability, and photocatalytic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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stability, making it particularly effective for the degradation of
recalcitrant antibiotics.

5 Conclusion

In conclusion, this work demonstrates the successful
construction of a Z-scheme heterojunction via the in situ
deposition of two-dimensional BiOBr onto three-dimensional
MgiIn,S, Extensive morphological and structural analyses
indicated that the strong interfacial contact between these
photocatalysts was instrumental in promoting rapid charge
transfer. The resultant synergistic effects led to enhanced
visible light harvesting and superior charge carrier separation.
Consequently, the BiOBr/30% MgIn,S, photocatalyst exhibited
peak performance, removing 89.9% of CIP in 60 minutes and
demonstrating excellent recyclability with minimal loss of
activity. These findings provide a valuable framework for
developing advanced heterostructure photocatalysts for antibi-
otic degradation and other environmental applications. Beyond
its high degradation efficiency and stability under visible light,
the BiOBr/MgIn,S, Z-scheme heterojunction holds promise as
a versatile platform for advanced water treatment applications.
The intimate 2D/3D interfacial architecture not only promotes
efficient charge separation and strong redox capability but also
provides a rational basis for further optimization toward prac-
tical deployment. Future efforts aimed at correlating surface
properties with photocatalytic kinetics, elucidating degradation
pathways and mineralisation behaviour at the molecular level,
and validating performance in complex wastewater environ-
ments will be crucial for translating this material from
laboratory-scale studies to real-world implementation. Overall,
this work establishes a solid foundation for the rational design
of next-generation Z-scheme photocatalysts capable of
addressing persistent organic contaminants under sustainable,
solar-driven conditions.
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