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eO3 Z-scheme heterojunction with
boosted photocatalytic dye removal
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The Z-scheme AgBr/BiFeO3 heterojunction was successfully constructed via a combined hydrothermal and

in situ precipitation strategy. The optimized heterojunction exhibited remarkable photocatalytic activity,

achieving 95.72% degradation of Lanasol Red 5B within 60 min under visible-light irradiation, which

represented a 5.66-fold enhancement over pristine BiFeO3. Comprehensive characterization revealed

that the Z-scheme heterostructure effectively facilitated charge carrier separation and modified electron

transfer pathways. The experimental factor towards degradation efficiency of Lanasol Red was

investigated. Furthermore, the AgBr/BiFeO3 heterojunction demonstrated versatile degradation capability

toward various organic dyes including Lanasol Red 5B, rhodamine B, methyl orange, methyl red, and

methylene blue. Trapping experiments combined with ESR analysis verified that holes (h+) and

superoxide radicals (cO2
−) played critical roles in the photocatalytic process, which formed the basis for

postulating a Z-scheme charge transfer mechanism. This work provided a feasible synthesis strategy for

developing high-performance BiFeO3-based photocatalytic systems for environmental remediation

applications.
1. Introduction

The contamination of ecosystems by man-made organic
compounds has escalated into a critical global concern, signif-
icantly endangering both environmental stability and public
health.1,2 Lanasol Red 5B (LR5B) is a reactive dye extensively
employed in textile manufacturing. Characterized by a stable
chemical nature, intricate aromatic framework, and limited
susceptibility to biological decomposition, LR5B resists effec-
tive elimination through traditional wastewater treatment
approaches.3,4 In response to synthetic dye contamination,
multiple remediation strategies have been explored, including
microbial degradation,5 sorptive removal,6 membrane ltra-
tion,7 and light-driven catalytic processes.8 Photocatalysis, in
particular, has attracted considerable interest due to its cost-
effectiveness, high degradation performance, and eco-friendly
characteristics.9–13 While physical adsorption only relocates
contaminants and biological treatment is oen impeded by
toxic conditions, photocatalysis utilizes light energy to miner-
alize hazardous pollutants into harmless end products like
water and carbon dioxide under ambient conditions, which
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positions it as a sustainable alternative for effective water
treatment.14–16

Bismuth ferrite (BiFeO3), a representative multiferroic
perovskite semiconductor, demonstrates coexisting ferroelec-
tric and antiferromagnetic behavior under ambient
conditions.17–19 These distinctive characteristics make it
a promising candidate for photocatalytic applications. Addi-
tionally, its relatively small band gap allows efficient utilization
of visible light, while its robust chemical stability further
supports its potential in photocatalysis.20,21 Nevertheless, the
practical deployment of BiFeO3 faces limitations due to certain
inherent weaknesses. These include a constrained spectrum of
visible-light absorption and rapid recombination of photog-
enerated charge carriers, which collectively lead to unsatisfac-
tory photocatalytic performance.

To address these challenges, the formation of hetero-
junctions has been widely investigated as a viable approach. For
example, Marouani et al. prepared a CaIn2S4BiFeO3 Z-scheme
heterojunction by a simple hydrothermal method, which
showed a pseudo-rst-order kinetic rate constant (k =

0.049 min−1), surpassing those of pristine BiFeO3 (0.006 min−1)
and CaIn2S4 (0.013 min−1) toward TC degradation. Electron
spin resonance and radical quenching experiments conrmed
that superoxide and hydroxyl radicals were the dominant reac-
tive species facilitating TC degradation. The enhanced photo-
catalytic activity is attributed to the construction of the Z-
scheme heterojunction, which facilitated charge separation
and improved redox ability.22 Lin et al. successfully synthesized
RSC Adv., 2025, 15, 48427–48439 | 48427
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BiFeO3/CdS/Ti3C2 heterojunction, which exhibited exceptional
piezo-photocatalytic activity, achieving 98.0% RhB degradation
within 120 min (rate constant: 0.0288 min−1), representing
a 12.68-fold enhancement over pristine BiFeO3. This perfor-
mance enhancement originates from the enhanced light
absorption and charge separation efficiency.23

The distinctive charge transfer mechanism of Z-scheme
heterostructures makes them highly attractive for photo-
catalytic applications. In these systems, a selective annihilation
occurs between electrons in one semiconductor and holes in the
other. This process preserves the most energetic charge carriers,
thereby achieving a superior combination of efficient charge
separation and potent redox capability.24,25 For example,
Samarasinghe et al. successfully synthesized a MoS2/Fe2O3/GO
Z-scheme heterojunction by a ball milling and ultrasonication
method. The as-synthesized optimal MFG composite with an
optimal ratio of 2 : 1 : 1 exhibited remarkable photocatalytic
activity towards Methylene Blue degradation, achieving
a 97.90% degradation in 3 h under solar simulated irradiation
and 88.2% degradation under natural sunlight. The MoS2/
Fe2O3/GO Z-scheme heterojunction facilitated efficient charge
carrier separation, extended the visible light absorption and
subsequently improved the photocatalyst's dye degradation and
redox capabilities.26 Luo et al. synthesized a novel
SnIn4S8@ZnO Z-scheme heterostructure with a tight contact
interface using a convenient two-step hydrothermal approach.
The optimized heterostructure displayed the highest photo-
degradation efficiency toward MB (91%) aer 20 min. The
improvement in photocatalytic activity could be ascribed to the
efficient spatial separation of photoinduced charge carriers
through a Z-scheme heterojunction with an intimate contact
interface.27

AgBr has emerged as a prominent visible-light-responsive
photocatalyst, primarily due to its narrow band gap, which
enables efficient absorption of a signicant portion of the solar
spectrum. Its exceptional photosensitivity allows for the rapid
generation of electron–hole pairs upon visible-light irradiation,
leading to high quantum efficiency in the initial steps of the
photocatalytic process.28,29 However, the photogenerated elec-
trons could readily reduce Ag+ to metallic Ag, causing severe
photo-corrosion and rapid degradation of the catalyst structure.
The instability poses a major obstacle to practical and long-term
application. Consequently, signicant research efforts are
directed toward stabilizing AgBr, oen by coupling it with other
semiconductors or protective materials to facilitate efficient
charge separation and prevent self-decomposition, thereby
harnessing its high initial activity while mitigating its inherent
limitations.30–32 For example, Warshagha et al. fabricated
a highly effective and unique AgBr–NiO binary heterojunction
using an effective one-pot sol–gel method that achieved 97.6%
removal of RhB within 11 min, owing to the Z-scheme hetero-
junction.33 Similarly, Zhang et al. synthesized a novel Z-scheme
heterojunction photocatalysts of AgBr/CoWO4/Ag via a simple
hydrothermal-precipitation-photoreduction method. The
5AgBr/CoWO4/Ag exhibited the highest degradation rates,
reaching 98.58% for Rhodamine B, 86.82% for tetracycline
hydrochloride, and 95.60% for 2-mercaptobenzothiazole within
48428 | RSC Adv., 2025, 15, 48427–48439
60 min. The enhanced photocatalytic performance could be
attributed to the electronmediation by Ag nanoparticles leading
to improved charge separation efficiency and the formation of
Z-scheme heterojunctions between AgBr and CoWO4.34

Based on a straightforward hydrothermal-precipitation
approach, this work fabricated a Z-scheme AgBr/BiFeO3

heterojunction. The as-prepared heterojunction was thoroughly
examined by means of XRD, SEM, XPS, UV-vis DRS, and PL
spectroscopy to determine its structural, morphological,
optical, and electrical characteristics. Photocatalytic perfor-
mance was assessed through the decomposition of ve dye
pollutants under visible-light irradiation. Optimal performance
was observed with the 15 wt% AgBr/BiFeO3 heterojunction.
Furthermore, the inuences of several environmental parame-
ters (dosage of catalyst, initial LR5B concentration, coexisting
ions, and different aqueous matrices) on the photocatalytic
process were investigated, and a plausible Z-scheme mecha-
nism was proposed.

2 Experimental
2.1. Chemicals

All chemicals were of analytical reagent grade and used without
further purication. Bismuth nitrate pentahydrate (Bi(NO3)3-
$5H2O) was obtained from Shanghai Adamas Reagent Co., Ltd.
Iron(III) nitrate nonahydrate (Fe(NO3)3$9H2O) and potassium
bromide (KBr) were sourced from Aladdin Reagent Co., Ltd.
Potassium hydroxide (KOH), silver nitrate (AgNO3), disodium
ethylenediaminetetraacetate (EDTA-2Na), 1,4-benzoquinone
(BQ), and isopropyl alcohol (IPA) were purchased from Sino-
pharm Chemical Reagent Co., Ltd. Deionized water was utilized
throughout all experimental processes.

2.2. Synthesis of BiFeO3

The BiFeO3 catalyst was synthesized via a facile hydrothermal
method adapted from literature.35 In a typical procedure, 3.88 g
of Bi(NO3)3$5H2O and 3.23 g of Fe(NO3)3$9H2O were dissolved
in 30 mL of 10 M KOH solution under continuous stirring at
room temperature for 50 min, followed by 30 min of ultra-
sonication to form a homogeneous suspension. The resulting
mixture was transferred into an 80 mL Teon-lined stainless
steel autoclave and subjected to hydrothermal treatment at
190 °C for 6 h. Aer natural cooling to ambient temperature, the
brownish-red precipitate was collected by centrifugation,
washed thoroughly, and dried at 80 °C for 12 h to obtain the
nal BiFeO3 product.

2.3. Synthesis of AgBr/BiFeO3

The synthesis of AgBr/BiFeO3 heterojunction began by
dispersing 0.2 g of BiFeO3 in 50 mL of deionized water under
ultrasonication for 30 min to achieve a homogeneous suspen-
sion. Next, 4 mL of a 0.05 mol per L AgNO3 solution was
introduced dropwise, followed by an additional 30 min of
ultrasonication. Subsequently, 2 mL of 0.1 mol per L KBr was
incorporated, and the mixture was subjected to further ultra-
sonication for 1 h. The resulting suspension was then
© 2025 The Author(s). Published by the Royal Society of Chemistry
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transferred into an 80 mL autoclave and maintained at 140 °C
for 6 h. Aer cooling naturally to ambient temperature, the nal
product was collected and washed three times alternately with
deionized water and anhydrous ethanol, then vacuum-dried at
60 °C over 24 h. The as-synthesized AgBr/BiFeO3 samples with
AgBr mass fractions of 10%, 15%, and 20%, were designated as
AB-10, AB-15, and AB-20, respectively. For comparative analysis,
pure AgBr was also synthesized using an identical procedure in
the absence of BiFeO3. A schematic illustration of the stepwise
fabrication process for the AgBr/BiFeO3 heterojunction was
presented in Fig. 1.
2.4. Characterization

The crystalline structures of the synthesized samples were
analyzed by X-ray diffraction (XRD) on a Bruker-D8 diffractom-
eter equipped with Cu Ka radiation (l = 0.15406 Å), with data
collected over a 2q range from 10° to 80°. Chemical states and
surface composition were investigated using X-ray photoelec-
tron spectroscopy (XPS) on a Thermo Escalab 250 instrument,
where binding energies were referenced to the adventitious
carbon C 1s peak at 284.7 eV. Sample morphology was charac-
terized by scanning electron microscopy (SEM, SU8010). Optical
absorption properties were evaluated by UV-vis spectroscopy
(Perkin Elmer) across the 200–800 nm wavelength range, while
photoluminescence (PL) spectra were acquired using a Pick
Quant FLuo Time 3000 uorescence spectrometer to study
charge carrier behavior.
Fig. 2 XRD patterns of BiFeO3, AgBr and AgBr/BiFeO3 with different
AgBr loading amount.
2.5. Evaluation of the visible-light-driven photocatalytic
performance

The photodegradation performance of the as-synthesized AgBr/
BiFeO3 heterojunction was assessed by decomposing LR5B
under visible-light irradiation from a 350 W xenon lamp. In
a standard procedure, 40 mL of LR5B solution (40 mg L−1)
containing the catalyst (1 g L−1) was rst magnetically stirred in
darkness for 30 min to establish adsorption–desorption
Fig. 1 A synthesis scheme of the AgBr/BiFeO3 heterojunction.

© 2025 The Author(s). Published by the Royal Society of Chemistry
equilibrium. At designated time intervals during illumination,
4 mL aliquots were collected, centrifuged, and analyzed using
a UV-2450 ultraviolet-visible spectrophotometer to determine
the residual LR5B concentration. The degradation efficiency
was quantied as (C0 – Ct)/C0, where C0 represents the initial dye
concentration and Ct corresponds to the concentration at time t.

3 Results and discussion
3.1. Physicochemical properties

The structure of AgBr and BiFeO3 as well as a series of AgBr/
BiFeO3 heterojunction were studied by XRD. As shown in Fig. 2,
the pure BiFeO3 sample exhibited distinct diffraction peaks at
2q = 22.49°, 31.81°, 32.14°, 39.51°, 45.81°, 51.37°, and 57.01°,
corresponding to the (101), (012), (110), (021), (202), (113), and
(122) crystal planes of the BiFeO3 (JCPDS 20-0169), respectively,
which belonged to the rhombohedral crystal system. AgBr
RSC Adv., 2025, 15, 48427–48439 | 48429
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exhibited characteristic diffraction peaks at 2q = 30.94°, 44.33°,
55.04°, and 73.24°, corresponding to the (200), (220), (222), and
(420) crystal planes of the AgBr (JCPDS 06-0438), respectively.
The AgBr/BiFeO3 heterojunction showed diffraction peaks
consistent with those of rhombohedral BiFeO3 as a whole.
However, as the AgBr content gradually increased, the charac-
teristic diffraction peak of AgBr gradually appeared, indicating
the formation of AgBr/BiFeO3 heterojunction.
Fig. 3 XPS spectra of BiFeO3, AgBr and AB-15 heterojunction.

Fig. 4 XPS spectra of BiFeO3, AgBr, and AB-15 heterojunction: (a) Br 3d

48430 | RSC Adv., 2025, 15, 48427–48439
X-ray photoelectron spectroscopy (XPS) characterization was
systematically performed to elucidate the elemental composi-
tion and oxidation states of the synthesized BiFeO3, AgBr, and
AB-15 heterostructure. The wide-scan spectrum of AB-15 (Fig. 3)
demonstrates co-existence of constituent elements Bi, Fe, O, Ag,
and Br. Deconvoluted high-resolution spectra provide precise
chemical state analysis. The Br 3d core-level spectrum (Fig. 4a)
exhibited spin–orbit splitting components at 68.7 eV (3d5/2) and
69.5 eV (3d3/2), characteristic of bromide anions. The Bi 4f
spectrum (Fig. 4b) revealed doublet peaks at 159.4 eV (4f7/2) and
164.7 eV (4f5/2), conrming the trivalent state of bismuth.36

Spectral deconvolution of O 1s region (Fig. 4c) resolved two
distinct contributions at 530.1 eV (metal–oxygen bonds) and
531.9 eV (surface-adsorbed oxygen species).37 Furthermore, the
Ag 3d spectrum (Fig. 4d) displayed symmetrical peaks at
368.0 eV (3d5/2) and 374.0 eV (3d3/2), consistent with silver
cations in AgBr lattice. Critically, comparative analysis showed
systematic positive binding energy shis across all elemental
peaks in AB-15 relative to pristine counterparts. These shis
signied substantial interfacial electron redistribution and
strengthened electronic coupling between BiFeO3 and AgBr
phases. The modied electron cloud density provides
unequivocal evidence for successful heterojunction formation
with optimized electronic structure.38

Fig. 5 showed SEM images of BiFeO3, AgBr and AB-15
heterojunction. It could be seen that pure BiFeO3 was
composed of a large number of irregular polyhedra stacked
, (b) Bi 4f, (c) O 1s, (d) Ag 3d.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM images of (a) BiFeO3, (b) AgBr and (c) the AB-15 heterojunction, (d) TEM images of the AB-15 heterojunction.
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together with a diameter of about 8–10 mm (Fig. 5a). As shown in
Fig. 5b, pure AgBr nanoparticle exhibited a nano block structure
with a diameter of around 1–5 mm. In Fig. 5c, AgBr nanoparticle
adhered to the surface of BiFeO3, conrming the good interfa-
cial contact between AgBr and BiFeO3, which was conducive to
the interfacial reaction. Further structural characterization of
the AB-15 heterojunction was performed using TEM. As shown
Fig. 6 (a–g) EDS elemental mapping of the AB-15 heterostructure.

© 2025 The Author(s). Published by the Royal Society of Chemistry
in Fig. 5d, AgBr nanoparticles were intimately anchored on the
surface of BiFeO3. In EDS spectrum, the Ag, Br, Bi, Fe, Br and O
ve elements were distributed on the surface of AB-15 hetero-
junction, which indicated that the heterojunction was
composed of AgBr and BiFeO3, further proving the formation of
AgBr/BiFeO3 heterojunction (Fig. 6).
RSC Adv., 2025, 15, 48427–48439 | 48431
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Fig. 7 (a) UV-vis spectra, (b and c) band gap energy of BiFeO3 and AgBr.
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The UV-vis diffuse reectance spectra of the as-synthesized
photocatalyst demonstrated broad absorption across both
ultraviolet and visible regions (Fig. 7a). The optical band gaps
were determined using the Tauc plot method based on the
equation: ahn = A(hn − Eg)

n/2, where a, h, n, A, and Eg represent
absorption coefficient, Planck's constant, light frequency, pro-
portionality constant, and band gap energy, respectively. The
derived band gap energies for BiFeO3 and AgBr were approxi-
mately 2.20 eV and 2.55 eV, respectively (Fig. 7b and c). Valence
band X-ray photoelectron spectroscopy (VB-XPS) was employed
to determine the electronic band structures. As shown in Fig. 8a
and b, the valence band (VB) positions of BiFeO3 and AgBr were
measured at 1.39 eV and 2.61 eV, respectively. Subsequently, the
corresponding conduction band (CB) positions were calculated
to be −0.81 eV for BiFeO3 and 0.06 eV for AgBr using the rela-
tionship: ECB = EVB − Eg.39

3.2. Photocatalytic activity

In this experiment, the dye LR5B was selected as the charac-
teristic pollutant model to evaluate the photocatalytic perfor-
mance of the as-prepared material. The experiment rst
conducted a 90 min dark reaction (Fig. 9b) to determine the
adsorption–desorption characteristics of the composite. The
removal rate of LR5B remained basically unchanged at 30 min
and 90 min, indicating that the composite had reached
adsorption–desorption equilibrium at 30 min. The comparative
Fig. 8 Valence-band XPS spectra of (a) BiFeO3 and (b) AgBr.

48432 | RSC Adv., 2025, 15, 48427–48439
experimental results showed that LR5B hardly degraded under
visible-light irradiation without the addition of photocatalyst.
As shown in Fig. 9a, within a reaction time of 60 min, the
degradation rate of LR5B by pure BiFeO3 was 16.89%. The
degradation efficiency of LR5B by AgBr/BiFeO3 heterostructure
rst increased and then decreased. Among them, the photo-
catalytic activity of 15% AgBr/BiFeO3 heterostructure was the
most outstanding, and the degradation rate of LR5B reached
95.72%. This indicated that AgBr played an important role in
the photocatalytic degradation process, mainly because the
increase of AgBr was benecial for enhancing the light
absorption ability and promoting the separation of photo-
generated charge carriers. However, excessive AgBr might
form electron–hole recombination centers, thereby inhibiting
the photocatalytic degradation of LR5B. The photocatalytic
reaction followed a quasi-rst-order kinetic equation. As shown
in Fig. 9c, the kinetic rate constant (k) of the AB-15 hetero-
junction was approximately 0.03908 min−1, which was 18.10,
4.68, and 1.84 times than that of pure BiFeO3, AB-10 and AB-20.
Further observation of the photocatalytic degradation of LR5B
by AB-15 heterojunction under simulated sunlight was con-
ducted through real-time monitoring of UV-visible absorption
spectra, as shown in Fig. 9d. The results indicated that with the
extension of reaction time, the characteristic absorption peak of
LR5B (529 nm) gradually weakened, conrming the gradual
decrease in LR5B concentration.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Degradation efficiencies and (b) contrast experiment of LR5B using as-prepared photocatalysts (c) kinetic curves (d) time-dependent
absorption spectra of LR5B degradation efficiency using AB-15 heterostructures under visible-light irradiation.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/9
/2

02
6 

5:
26

:2
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The experiment investigated the effect of catalyst dosage on
the degradation rate of LR5B (40 mg L−1), as shown in Fig. 10a.
The experimental results showed that as the dosage of AB-15
gradually increased from 20 mg to 50 mg, the degradation
rate of LR5B increased from 80.97% to 98.72%, which indicated
that an increase in the amount of photocatalyst added could
improve the efficiency of photocatalytic reactions, attributed to
the fact that more catalysts promoted the formation of more
active sites, thereby accelerating the degradation of LR5B. The
experiment was further conducted to evaluate the degradation
efficiency of the catalyst (1 g L−1) on LR5B at varying concen-
trations. As illustrated in Fig. 10b, an increase in the initial
concentration of LR5B resulted in a gradual decline in the
catalytic degradation efficiency. The highest photocatalytic
degradation rate, achieving complete removal (100%), was
observed at an initial LR5B concentration of 20 mg L−1.
However, when the concentration was elevated to 80mg L−1, the
degradation rate decreased to 62.55%. This behavior could be
attributed to the rapid depletion of active species generated by
photocatalyst AB-15 under high LR5B concentrations. Addi-
tionally, the elevated dye concentration might impede light
absorption by AB-15, thereby diminishing photocatalytic
performance.

In practical wastewater systems, coexisting inorganic ions
are ubiquitous and may interfere with the photocatalytic
process. To simulate realistic aqueous environments, the
inuence of common anions (PO4

3−, SO4
2−) on the photo-

degradation of LR5B was systematically investigated. As depic-
ted in Fig. 10c, the degradation efficiency of LR5B under 60 min
irradiation was assessed in the presence of model inorganic
© 2025 The Author(s). Published by the Royal Society of Chemistry
salts (Na3PO4 or Na2SO4, 0.05 M). Notably, PO4
3− exhibited

pronounced inhibition, reducing the removal efficiency to
66.31%. This suppression was likely attributable to the specic
adsorption of PO4

3− onto the active sites of AB-15, where it acted
as a hole scavenger, thereby passivating the photocatalytic
surface.40 In the case of SO4

2−, a moderate decrease in photo-
catalytic efficiency to 89.19% was observed, which could be
explained by its role as a radical scavenger that consumed cOH
radicals.

To simulate real-world conditions, the photocatalytic
degradation of LR5B was evaluated in different water matrices.
As shown in Fig. 10d, the degradation efficiency decreased to
78.71% in tap water, 75.74% in lake water, and 91.98% in well
water. The most signicant inhibition was observed in lake
water, which could be attributed to its complex composition of
inorganic ions and organic matter that likely scavenge active
species and interfere with the photocatalytic process.

To simulate complex wastewater conditions, the photo-
catalytic performance of the AgBr/BiFeO3 heterojunction was
evaluated in a multi-pollutant system. As shown in Fig. 11(a and
b), the degradation of LR5B was signicantly suppressed in the
coexistence of LR5B and MB, achieving a removal rate of only
59.69%, which could be attributed to competitive interactions
between organic pollutants and active species for reactive sites
and oxidative capacity. The photocatalytic performance of the
AgBr/BiFeO3 heterojunction was further evaluated against
diverse organic pollutants. As depicted in Fig. 11(c), aer 60min
of reaction, the removal rates of LR5B and MR reached 95.72%
and 87.14%, respectively, demonstrating the material's effective
mineralization capability toward these pollutants. In contrast,
RSC Adv., 2025, 15, 48427–48439 | 48433
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Fig. 10 Effect of (a) different amounts of AB-15 heterojunction ([LR5B] = 40 mg L−1), (b) different concentration of LR5B ([AB-15] = 40 mg), (c)
different inorganic salts and (d) different water resources in the presence of AB-15 under simulated solar irradiation.

Fig. 11 (a) Degradation efficiencies and (b) time-dependent absorption spectra of LR5B and MB, (c) degradation efficiencies of LR5B, MO, RhB,
MB, MR.
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signicantly lower degradation efficiencies were observed for
RhB and MB, with only 8.45% and 6.52% removal, suggesting
their higher structural stability or more complex degradation
pathways. Such pollutant-dependent performance variations
could be attributed to differences in molecular structure, which
inuenced both the adsorption affinity to the photocatalyst
surface and subsequent photocatalytic reaction kinetics.

The cycling stability and reusability of the as-prepared
samples were evaluated through consecutive photocatalytic
experiments. As depicted in Fig. 12(d), the AB-15 heterojunction
exhibited a slight decrease in degradation efficiency for LR5B
48434 | RSC Adv., 2025, 15, 48427–48439
from 95.72% to 91.15% over four successive cycles. This
minimal loss of activity demonstrated the robust stability and
excellent reusability of the heterojunction photocatalyst. As
shown in Fig. 12(a and b), no signicant morphological changes
were observed in the spent catalyst, though a slightly rougher
surface texture was noted, possibly due to the accumulation of
incompletely degraded pollutant residues. Furthermore, XRD
patterns in Fig. 12(c) revealed that the crystal structure of the
heterojunction remained largely unchanged aer repeated use,
conrming its high structural stability under photocatalytic
conditions.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a and b) SEM images, (c) XRD patterns of used AB-15 and fresh AB-15, (d) cycling runs for photocatalytic degradation of LR5B in the
presence of AB-15.
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3.3. Photocatalytic mechanism

Steady-state photoluminescence (PL) spectroscopy was
employed to investigate the recombination behavior of
Fig. 13 (a) PL spectra of the as-prepared samples; (b) capture tests of act
(d) DMPO-cO2

− adducts on AB-15.

© 2025 The Author(s). Published by the Royal Society of Chemistry
photogenerated electron–hole pairs in the samples. A lower PL
intensity generally indicated a suppressed charge carrier
recombination rate. The excitation wavelength used for PL
measurements was specied as 325 nm in the experimental
ive species during photodegradation of LR5B by AB-15; (c) DMPO-cOH,

RSC Adv., 2025, 15, 48427–48439 | 48435
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section. As shown in Fig. 13(a), the AB-15 heterojunction
exhibited a signicantly reduced emission peak intensity
compared to pure AgBr and BiFeO3. This observation suggested
that the interfacial interaction within the heterojunction effec-
tively facilitated the separation and migration of photogene-
rated charge carriers, thereby minimizing radiative
recombination.

In order to further understand the photocatalytic mecha-
nism of AgBr/BiFeO3 heterojunction, three different capture
agents were introduced in the experiment: hole (h+) was
captured by ethylenediaminetetraacetic acid disodium (EDTA-
2Na, 2 mM), superoxide radical (cO2

−) was captured by p-
benzoquinone (BQ, 2 mM), and hydroxyl radical (cOH) was
captured by isopropanol (IPA, 5 mM), so as to explore the active
substances that play a major role in the photocatalytic reaction
of AgBr/BiFeO3 heterojunction. The experimental results
(Fig. 13(b)) showed that the degradation rate of LR5B decreased
sharply aer the addition of BQ, which was only 5.86%. This
result indicated that BQ effectively captured superoxide radicals
(cO2

−), thereby signicantly inhibiting the degradation of LR5B.
Aer the addition of EDTA-2Na, the degradation rate of LR5B
also decreased signicantly to 41.27%, indicating that EDTA-
2Na might effectively capture the holes generated during the
photocatalytic process. In contrast, when the capture agent IPA
was added, the degradation rate of LR5B was 91.27%, which was
slightly lower than 95.72% under normal conditions. The
capture experiments showed that h+ and cO2

− were the main
active species, and cOH played an auxiliary role. In addition,
electron spin resonance (ESR) spectroscopy was further
employed to verify the generation of superoxide (cO2

−) and
hydroxyl (cOH) radicals in the AB-15 heterojunction system. As
depicted in Fig. 13(c and d), no characteristic signals of either
radical species were detected in the dark. In contrast, under
visible light illumination, distinct signature peaks correspond-
ing to the DMPO-cOH and DMPO-cO2

− adducts were observed.
These ESR ndings were in strong agreement with the radical
trapping experiments, conrming the photoinduced generation
of reactive oxygen species.
Fig. 14 Proposed charge transfer and photocatalytic mechanisms over

48436 | RSC Adv., 2025, 15, 48427–48439
Based on amultifaceted analysis integrating radical trapping
experiments, ESR spectroscopy, and XPS valence band analysis,
two plausible charge transfer mechanisms for the AgBr/BiFeO3

heterojunction were systematically proposed and evaluated. In
a conventional Type-II heterojunction model (Fig. 14a),
photogenerated electrons from the conduction band (CB) of
BiFeO3 would migrate to the CB of AgBr, while holes from the
valence band (VB) of AgBr would transfer to the VB of BiFeO3.
However, the CB potential of AgBr was determined to be
+0.06 eV, which was more positive than the standard redox
potential of O2/cO2

− (−0.33 eV vs. NHE). Consequently, elec-
trons accumulated in the CB of AgBr were thermodynamically
incapable of reducing O2 to generate cO2

−, which contradicted
the radical trapping and ESR results. This thermodynamic
inconsistency effectively ruled out the Type-II pathway as
a viable mechanism. Alternatively, a direct Z-scheme mecha-
nism was proposed, as illustrated in Fig. 14b. The establish-
ment of this charge transfer pathway could be rationalized by
considering the band bending and Fermi level alignment at the
heterojunction interface. Upon contact between AgBr and
BiFeO3, the difference in their original Fermi levels drived
electron ow from BiFeO3 to AgBr until Fermi level equilibra-
tion was achieved. This process created a built-in electric eld
directed from BiFeO3 to AgBr, resulting in upward band
bending in AgBr and downward band bending in BiFeO3 at the
interface. Under visible-light irradiation, both semiconductors
generated electron–hole pairs. The photogenerated electrons in
the CB of AgBr and holes in the VB of BiFeO3 were subsequently
driven by the built-in electric eld to recombine selectively at
the interface through the Z-scheme pathway. This unique
recombination mechanism preserved the most reductive elec-
trons in the CB of BiFeO3 and the most oxidative holes in the VB
of AgBr, thereby synergistically enhancing both redox capability
and charge separation efficiency. Specically, the VB potential
of AgBr was calculated as +2.61 eV, which was sufficiently
positive to oxidize H2O to generate cOH (E(cOH/H2O) = +2.38 eV
vs. NHE). Simultaneously, the CB potential of BiFeO3 (−0.81 eV)
was sufficiently negative to reduce O2 to cO2

−. These favorable
the AgBr/BiFeO3 heterojunction.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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band alignments, coupled with the interfacial band bending
that facilitated the Z-scheme recombination, provided compel-
ling thermodynamic and kinetic support for the proposed
mechanism, which was fully consistent with the experimental
detection of both cOH and cO2

− active species.
4. Conclusions

A novel Z-scheme AgBr/BiFeO3 heterojunction photocatalyst
was successfully synthesized via a combined hydrothermal-
precipitation approach. Photocatalytic evaluation revealed that
the AB-15 heterojunction exhibited the highest activity among
the synthesized samples, achieving 95.72% degradation of
LR5B within 60 min under visible-light irradiation, which was
5.66 times higher than that of pristine BiFeO3. Environmental
factor studies demonstrated that high initial LR5B concentra-
tion, low catalyst loading, and the presence of phosphate anions
(PO4

3−) signicantly suppressed the photocatalytic efficiency.
The optimized catalyst also displayed notable degradation
performance toward multiple dyes, with removal rates of
95.72% for LR5B, 87.14% for MR, and 62.55% for MO. Radical
trapping experiments and electron spin resonance spectroscopy
conrmed that holes and superoxide radicals serve as the
dominant active species. A Z-scheme charge transfer mecha-
nism was conclusively proposed based on band structure
analysis, ESR results, and scavenger experiments, which
accounted for the enhanced carrier separation and redox
capability. The AgBr/BiFeO3 heterojunction represented
a promising high-activity photocatalytic system for dye waste-
water treatment, which offered a green and efficient strategy for
addressing aqueous organic pollutants, advancing the practical
application of photocatalysis in environmental remediation.
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