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A composite series, (1 — x)ZnBi,O4/x-BiOBr, was synthesized using a two-step hydrothermal method.
The x = 0.7 composite demonstrated 100% removal of RhB in 10 minutes (k = 0.2317 min™) under
visible light, ~74 times higher than that of ZnBi,O4 (k = 0.0031 min~%). For Orange G, x = 0.7 yielded
100% removal in 30 min with k = 0.1053 min™%, ~14 times greater than that of ZnBi,O4. The improved
activity correlates with high Sger (21.8 m? g™% and good interfacial charge separation. Band-edge
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estimates and scavenger tests suggested a type-ll-like band alignment. Moreover, the x = 0.7 composite
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1. Introduction

The escalating discharge of pollutants, resulting from rapid
industrialization, into water bodies has emerged as a critical
global environmental concern. Among these pollutants,
organic dyes, widely employed in various industries including
textiles, printing, and plastics, represent a particularly concern-
ing class due to their persistence, potential toxicity, and aes-
thetic impact on water systems."” Conventional wastewater
treatment techniques are frequently insufficient for the effec-
tive removal of these dyes, highlighting the need to explore
more advanced treatment approaches.®> Photocatalysis, a pro-
mising technology for environmental remediation, offers an
efficient and sustainable approach to degrade organic pollu-
tants, addressing a critical need in maintaining ecological
balance and human health.”

Photocatalysis, an advanced oxidation process, harnesses
the power of semiconductor materials to facilitate chemical
reactions upon light irradiation.”” Specifically, when a semi-
conductor photocatalyst is exposed to light with energy greater
than its intrinsic band gap, electrons are excited from the
valence band to the conduction band, thereby generating
electron-hole pairs.®™' These photogenerated charge carriers
can then migrate to the surface of the photocatalyst, where they
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retained >81% of activity over 5 cycles.

initiate a series of redox reactions with adsorbed molecules,
leading to the degradation of organic pollutants. Moreover,
this process ultimately mineralizes organic contaminants
into harmless substances such as carbon dioxide and water,
providing a sustainable solution for water purification."*** The
efficiency of a photocatalytic process hinges on several key
factors, including the light absorption characteristics, charge
carrier separation and migration, and surface reactivity of the
photocatalyst.

Despite its potential, conventional photocatalysts like tita-
nium dioxide TiO, suffer from limitations such as a wide band
gap, restricting their activity to the ultraviolet region, which
accounts for only a small fraction of the solar spectrum."®™°
Furthermore, the fast recombination rate of photogenerated
electron-hole pairs in these materials reduces their quantum
efficiency, limiting their overall photocatalytic performance.
To overcome these limitations, researchers have explored vari-
ous strategies, including doping, surface modification, and the
development of composite photocatalytic systems.>°

The ZnBi,0, semiconductor is characterized by its suitable
band gap and excellent chemical stability, making it a promis-
ing component for photocatalytic applications.”’ Similarly,
bismuth oxobromide has garnered considerable attention as
a photocatalytic material due to its unique layered structure,
high surface area, and excellent visible light absorption
properties.” The combination of these two materials into type
II heterostructures is expected to synergistically enhance their
individual advantages, leading to improved photocatalytic
performance.>”

While several bismuth-based heterojunctions have been well
documented in the literature, including BivVO,,>* Bi,03,>* and
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BiOBr-based systems, the coupling of ZnBi,O, and BiOBr has
not been explored to the same degree and offers an interesting
opportunity. The band-edge positions of ZnBi,O, and BiOBr
suggest a staggered Type-II heterojunction, which should facili-
tate better spatial separation of charge carriers compared to
other Bi-based composites. However, a comprehensive study
that explores how varying the molar ratio of these two elements
(znBi,0, vs. BiOBr) contributes to structural properties, surface
area, and photocatalytic performance has not been conducted.
This is the clear gap in the literature for optimization, given
that the ratio of these components is likely the most important
variable for modifying the heterojunction space charge layer
and the photocatalytic efficiency.

2. Synthesis of the ZnBi,O,4/BiOBr
composite

This section details the procedure of synthesizing ZnBi,0,/
BiOBr composite photocatalysts. For the pure samples, the
synthesized method is detailed in the SI.

To synthesize the composite system {(1 — x)ZnBi,O,/
(x)BiOBr} with 0 < x < 1, we used the same synthesis method
as for the BiOBr phase, by adding ZnBi,0, as a solid precursor.
In the first step, different amounts of Bi(NO;);-5H,0 were
dissolved in 30 ml of distilled water to obtain solution A. In
the second step, 0.3 g of ZnBi,O, powder was mixed with
solution A and stirred for 30 minutes. The corresponding
quantity of KBr was dissolved in 10 ml of distilled water to
obtain solution B which was then transferred to solution A (A +
B = ZnBi,0, + BiOBr), as Fig. 1 shows. Finally, the mixture was
placed in a Teflon-lined autoclave and kept in an oven at 160 °C
for 16 h. The resulting product was collected, washed with
water and dried. A full series of molar fractions was synthesized
to screen for the optimal heterojunction ratio. The composi-
tions x = 0.1, 0.3, 0.5, 0.7, and 0.9 are presented in detail
to illustrate the evolution of photocatalytic activity, which was
found to peak at x = 0.7.

Bi(NOy)s,5H;0

=
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€
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c

ZnBi,0,/BiOBr

Fig. 1 Synthesis process of the ZnBi,O,/BiOBr composite.
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3. Characterization

Structural characterization of the synthesized samples was
carried out using X-ray diffraction (XRD) with a Bruker D8
Advance Twin diffractometer, using a Cu Ko radiation source
(/. = 1.540-1.544 A). To confirm the crystal phases of BiOBr and
ZnBi,O,4, Rietveld refinement analysis was employed. Raman
spectroscopy was performed using a Horiba Jobin-Yvon HR800
LabRam spectrometer, equipped with a 633 nm laser, while
maintaining low laser intensity to minimize thermal effects.
Raman measurements were conducted in the spectral range of
50-800 cm ' to investigate the vibrational modes of the materials.
Fourier-transform infrared (FTIR) spectra were obtained using a
Nicolet iS5 spectrometer (Thermo Fisher Scientific, USA), covering
the wavenumber range of 4000-400 cm ™ *. The surface morphology
and microstructural features were examined using a Zeiss Supra 40
VP scanning electron microscope (SEM). The elemental composi-
tion and distribution were analyzed using energy-dispersive X-ray
spectroscopy (EDX) attached to the SEM, providing both qualitative
and quantitative insights. Specific surface area (Sggr) measure-
ments were conducted through nitrogen adsorption-desorption
isotherms using a Micromeritics ASAP 2020. Optical properties
were evaluated using a JASCO V-750 UV-vis diffuse reflectance
spectrophotometer equipped with an integrating sphere, recording
spectra from 200 to 800 nm, and the band gap energies were
estimated using the Kubelka-Munk function. Photoluminescence
(PL) emissions of the photocatalysts were also studied with a
Horiba Jobin-Yvon HR800 LabRam spectrometer. Mott-Schottky
plots were acquired using a platinum plate and saturated Ag/AgCl
as the counter electrode and reference electrode, respectively, and
0.5 M Na,SO, aqueous solution as the electrolyte. The working
electrode was made by coating a slurry of 20 mg sample and 2 mL
solution of distilled water/ethanol onto a 1 cm x 1 cm FTO glass
electrode.

4. Photocatalytic test

The experiments of photodegradation were carried out using
a visible light source (250 W ARC lamp; 20 mW cm 2

500°C/4h
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420-800 nm) on pollutant molecules dissolved in distilled
water. In a standard photocatalytic experiment, 0.05 g of the
photocatalyst was dispersed in 50 mL of RhB and OG aqueous
solution (10 mg L™ '). The suspension was stirred in the dark for
30 minutes to achieve adsorption-desorption equilibrium,
followed by exposure to irradiation. The concentration C, in
the solution was monitored for a period of time using
ultraviolet-visible (UV-vis) absorption spectroscopy. Degrada-
tion efficiency (D(%)) was defined as follows (Eqn (1)):

Co— G
— X

D (%) ="

100 (1)

Assuming a pseudo-first-order photocatalytic degradation
mechanism, the apparent rate constant K,p, (min~') was
determined using eqn (2):

C
In (al)) = —Kuppt (2)

Here, C, represents the initial concentration of the pollu-
tant, while C, denotes the concentration at a given time (¢)
in min.
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5. Crystalline phase analysis

Fig. 2(a and b) displays the XRD patterns of BiOBr, ZnBi,O,,
and (1 — x)ZnBi,O,/x-BiOBr with x ranging from 0 to 1. The
main Bragg peaks of the BiOBr phase are located at 20 = 10.92°,
25.20°, 31.74°, 32.24°, 46.24°, and 57.18° corresponding to the
(001),(101),(102),(110),(200),and (2 1 2) planes,
respectively, in agreement with the JCPDS card 153-9093. The
primary XRD Bragg peaks of the ZnBi,O, phase are located at
20 = 24.68°%, 27.65°, 30.34°, and 32.84°, corresponding to the
(022),(01 3),(222),and (1 2 3) planes, in agreement with the
JCPDS card 153-6162. The XRD Bragg peaks of both BiOBr and
ZnBi, O, are present in the ZnBi,O,/BiOBr XRD patterns,
with no additional peaks observed. Notably, the intensity of
the diffraction peaks corresponding to the BiOBr phase in the
composite increases with BiOBr rate x, which confirms the
successful preparation of the composite photocatalyst.

The Rietveld refinement analysis of the as-synthesized
ZnBi, O, and BiOBr phases was performed to validate the
structures and determine the cell parameters, using FullProf
software.”® The resulting observed and calculated XRD profile
refinement patterns are depicted in Fig. 2(c and d). For the
refinement process, the crystal structures of ZnBi,O, and BiOBr

(a) (b)[ 5 e
JCPDS N° 153.9093 = BiOBr i
] I | L L I I T a2
2
B & ]
2 e x=0.8
A oA iiia x=09] Sy 2 _LeA x=0.7
S | x=0.8 3 B 2
5 ———1 - T T < )
8 —&_f,\‘*.//\'\ e -~ . n ] 1 x=0.5
— x=| -
% X=0.5 %‘ o A . A x=0.4
04
5 ﬂ:) . . A x=0.3
£ e x=03 £ | A | ;
= B x=02| - . A x=02
A/
x=0.1 .
e e e =e~i= ' =0.
GBEE 58 . T—— T
8 s & gig & - ]
- ZnBi204 =ZnBi0, . \‘\ [ T\ x=0
JCPDS N® 1536162 A 8 J“\_,\_J‘
L i ____} 11 11 T W
20 40 60 20 40
20 20
L ]
(c) (d) Yobs
e Yobs ] Ycalc
Ycalc ——Yobs-Ycalc
— Yobs-Ycalc Bragg_position
s Bragg_position 3
3 s
QO ~
N—
> 2
£ &
<
s 3]
2 S
£ £
- j A 4 AJ* ‘l Y A
T T r T T T
20 40 60 20 40 60
20 20

Fig. 2

(a) XRD patterns of the synthesized samples; (b) zoom out of the 20 value from 20 to 40; (c) the Rietveld refinement results for the cubic ZnBi,O4

phase and (d) the Rietveld refinement results for the tetragonal BiOBr phase.
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Table 1 Crystal cell parameters and cell volumes of ZnBi,O4 and BiOBr
samples from Rietveld analyses. Average crystallite sizes or coherence
lengths from Bragg peak profile analyses

BiOBr (tetragonal cell) ZnBi,0, (cubic cell)

Space group: P4/nmm
a (A) = 3.9225 (3)

c(A) =8.1013 (7)

Vv (A%) = 124.671 (4)
Ryp (%) = 22.7

Rexp (%) = 13.9

7 =2.66

D(XRD) = 150 £ 20 nm

Space group: 123
a (A) = 10.2059 (5)

Vv (A% = 1063.079 (2)
Ryp (%) =163

Rexp (%) = 12.7

7 =1.64

D(XRD) = 40 + 5 nm

phases were assumed to be cubic, with space group 123, and
tetragonal, with space group P4/nmm, respectively. The model-
ling of the XRD background used interpolation between a set of
background points with adjustable heights, while the shape of
the XRD peak was represented using the pseudo-Voigt function.
Numerous parameters were adjusted during the refinement
process, such as the scale factor, zero correction and back-
ground. Atom coordinates were fixed. Table 1 shows the
structural parameters obtained after refinement, such as the
network parameters and other relevant values. Finally, after
several cycles of refinement, the main parameters obtained
are cell parameters, cell volumes, and expected and reli-
ability factors (Rexp, Rwp and z°). Rietveld refinement of the
single-phase BiOBr sample (tetragonal, P4/nmm) provides a =
3.9225(3) A, ¢ = 8.1013(7) A and V = 124.671(4) A%, with Rp/Rexp =
22.7/13.9% (> = 2.66); the moderate mismatch in this R-factor
suggests weak correlations like preferred orientation or micro-
strain one would typically expect for layered BiOBr. For the single-
phase ZnBi,O, sample (cubic, 123), we independently refine to
a = 10.2059(5) A and V = 1063.079(2) A* with better agreement,
Ryp/Rexp = 16.3/12.7% (x* = 1.64). These * low values, being close
to 1, indicate a good match between the observed and calculated
diffraction patterns and confirm the phase purity of the parent
materials.

The crystallite size of the synthesized compounds was
determined using Scherrer’s equation (Eqn 3), based on the
analysis of the full width at half maximum (FWHM) of the
Bragg peaks, with corrections applied for instrumental broad-
ening:

K xA 3)
" B xcos0

In this equation, § (in radians) represents the corrected
broadening of the Bragg peaks. The constant K is the shape
factor, taken as 0.9; 4 is the X-ray wavelength (Ka;) equal to
1.540 A; D is the average crystallite size; and 0 (in radians) is the
diffraction angle.

6. Raman and FTIR analyses

Raman and Fourier transform infrared (FTIR) spectroscopies
were employed to further elucidate the structural characteristics
and phase evolution of the as-synthesized (1 — x)ZnBi,O,/x-BiOBr

© 2026 The Author(s). Published by the Royal Society of Chemistry
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composite materials as a function of BiOBr content (x). The Raman
spectra (Fig. 3a) provide insight into the vibrational modes of the
crystal lattices. For the pure ZnBi,0, sample (x = 0), characteristic
vibrational modes of the Bi-O bonds are clearly observed at
160 cm ™', and the peaks near 53 and 79 cm ™' belong to the
vibrational modes of Bi-Bi bonds,”®*” with the peak near
531 cm ™" corresponding to the Zn-O first order E, stretching
mode.”® As the BiOBr content ‘x’ increases, the distinctive
fingerprint of BiOBr becomes progressively prominent. Notably,
the characteristic vibrational modes around 56 cm™*, 90 em™?,
110 em ™, and 160 cm™ ! are attributed to the characteristic Ay
and E, vibrational modes of tetragonal BiOBr, originating from
the internal and external vibrations of the Bi-Br bonds and
translational motions of Bi*" ions.” These observations confirm
the successful incorporation and increasing proportion of the
BiOBr phase within the composite system, while the original
ZnBi,O, peaks gradually diminish or are influenced by the
growing BiOBr presence. Any subtle shifts or broadening of
these vibrational bands might suggest interfacial interactions or
strain effects within the heterojunctions formed between the two
photocatalysts.

Complementary information was obtained from the FTIR
spectra (Fig. 3b), which primarily highlight the absorption
bands corresponding to various functional groups and metal-
oxygen stretching vibrations. In the fingerprint region 400-
1500 cm ™', the FTIR spectrum of pure ZnBi,O, (x = 0) exhibits
characteristic absorption bands at 548, 847, and 1396 cm ™"
attributed to the stretching vibrations of Zn-O, Bi-O-Bi, and
Bi-0.>**° Upon increasing the BiOBr content, the evolution of
this broad absorption feature confirms the formation of the
composite, with new or altered bands reflecting the presence of
BiOBr’s Bi-O stretching modes at 506 cm ™~ *.>! Furthermore, the
broad band centered around 3400-3700 cm ™' is attributed to
the bending and stretching vibrations of adsorbed water mole-
cules. The relative intensity of these bands can provide insights
into the surface hydrophilicity and hydroxyl group concen-
tration of the composite materials, which are relevant for
photocatalytic activity. Overall, both Raman and FTIR spectro-
scopies collectively corroborate the successful formation of the
ZnBi,0,/BiOBr composite materials and provide valuable
insights into their evolving structural and bonding character-
istics upon varying the BiOBr content. The small alterations
and enlargement of the vibrational bands in the composite
spectra relative to the pure phases suggest strong interfacial
interactions among the ZnBi,O, and BiOBr components in
agreement with the successful fabrication of the hetero-
junctions.?*??

7. Scanning electron microscopy

In order to carry out a comparative morphological study
between the different powder compositions developed from
the ZnBi,0,/BiOBr system, a microstructural study was carried
out by scanning electron microscopy (SEM) coupled with EDS
microanalysis, which provides us with information on the

Mater. Adv., 2026, 7,1790-1804 | 1793
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morphology, chemical composition, size and shape of the
synthesized particles. Fig. 4 illustrates the various grain
morphologies obtained by scanning electron microscopy of
the composite series (0 < x < 1). The ZnBi,O, sample
(Fig. 4a) consists of coarse-grained agglomerations with an
average size of 600 nm. As composition x increases, for x =
0.7, we observe in Fig. 4(b) two morphological types with two
different particle contrasts characterizing a mixed system
between ZnBi,O, and BiOBr, with nanoplatelets agglomerating
on the larger grains, which become increasingly uniform as we

Université de Toulon  Supradove 220"

N 7

fr’

200nm.

Université de Toulon  Supra 40 VP

(a) Raman spectra and (b) FTIR spectra of (1 — x)ZnBi,O4/x-BiOBr composite systems with 0 < x < 1.

move towards x = 1. This morphology is consistent with the
X-ray diffraction analysis that showed the presence of these two
phases. Fig. 4(c) shows a fairly uniform morphology, made up
of small plate-like grains of regular size (<200 nm), attributa-
ble to the single tetragonal P4/nmm phase of BiOBr.

The elemental mapping and EDX spectra (Fig. S1(a-g))
confirmed the presence of Zn, Bi, O, and Br elements in
the synthesized ZnBi,O,, BiOBr, and (1 — x)ZnBi,0,/x-BiOBr
(x=0.1,0.3, 0.5, 0.7, and 0.9) samples. The spatial distribution
of these elements, as revealed by elemental mapping, suggests

200nm

3000KX EHT=700kv  WD=26mm  intens (U X IREITNET R

40,

Fig. 4 SEM micrographs of ZnBi,O4 (x = 0) (a) and x = 0.7 (b) and BiOBr (x = 1) (c).
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Fig. 5 Variation of the Zn/Bi and Br/Bi ratios in (1 — x)ZnBi,O4/x-BiOBr
composites as a function of the initial value of composition x.

a homogenous distribution throughout the materials. In the
composites with x = 0.7, the elemental mapping indicates a
close interface between ZnBi,O, and BiOBr and provides evi-
dence for the formation of heterojunctions. The presence of all
four elements in the composite further confirms the successful
integration of both components. Moreover, Table S1 shows the
atomic percentages of the elements zinc, bromine, and bis-
muth in all composites. Fig. 5 shows the evolution of Zn/Bi and
Br/Bi atomic ratios in (1 — x)ZnBi,0,/x-BiOBr composites,
obtained by EDX analysis. The relative proximity of the experi-
mental and theoretical curves for each ratio, Zn/Bi and Br/Bi,
illustrates the good correlation between initial compositions
and final compositions. These results confirm the formation of
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ZnBi,0,/x-BiOBr composites with good correlation between
initial compositions x and experimental compositions.

8. N, adsorption—desorption analysis

Brunauer-Emmett-Teller surface analysis was carried out to
determine the specific surface area and porosity of the synthe-
sized materials. Nitrogen adsorption-desorption measurements
show that all three samples ZnBi,0,, BiOBr, and x = 0.7 display
IUPAC type IV behavior (Fig. 6(a—c)), confirming the presence
of mesopores. Fig. 6(d—f) shows the pore size distributions,
calculated using the Barrett-Joyner-Halenda (BJH) method
from the desorption branch of the isotherms. The pure ZnBi,0,
sample (Fig. 6d) exhibits a broad distribution with a pro-
nounced peak centered around 4-15 nm. The pure BiOBr
sample (Fig. 6f) exhibits a flatter and more heterogeneous pore
size distribution (10-20 nm), with no distinct peak. In compar-
ison, the optimal composite x = 0.7 (Fig. 6e) shows a stronger
and more distinct mesoporous structure, with a noticeable
peak centered on a similar pore size of approximately
<1 nm. The much higher intensity of the peak indicates a
larger total pore volume, which corresponds to the significantly
higher Sggr calculation.

The ZnBi,0, sample (x = 0) exhibited a particular surface
area of 8.878 m* g~ ', while the BiOBr sample (x = 1) had a
specific surface area of 11.010 m* g~*. The x = 0.7 composite
showed a higher specific surface area of 21.773 m® g~ *. This
higher surface area can provide more active sites for reactant
adsorption, potentially enhancing the photocatalytic activity.
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Fig. 6 N adsorption—desorption isotherms (a)—(c) and corresponding BJH
and BiOBr (c) and (f) samples.
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9. UV-visible diffuse reflectance
spectroscopy

The optical properties of the synthesized photocatalysts were
investigated using UV-vis diffuse reflectance spectroscopy, as
shown in Fig. 7a. Sample x = 1 (BiOBr) exhibited a characteristic
absorption edge at approximately 450 nm. In contrast, ZnBi,O,
displayed absorption edges at 440 nm and 520 nm, corres-
ponding to its Bi,0; and ZnO components, respectively.”'
Notably, the (1 — x)ZnBi,O,/x-BiOBr heterojunction nanocom-
posite showed a redshift in its absorption edge to 350 nm and
maintained the 500 nm absorption, indicating that the combi-
nation of BiOBr with ZnBi,0, extends light absorption into the
visible region. The energy gap of the photocatalyst is calculated
using the following formula (a:hv)" = A(hv — E,), where «, v, h, Eg,
and A represent the absorption coefficient, light efficiency,
Planck constant, band-gap energy and proportional constant,
respectively. The value of the exponent n in the equation
depends on the nature of the semiconductor’s transition, where
2 for a direct transition and n = 1/2 for an indirect
transition.”” Based on the literature, ZnBi,O, and BiOBr typi-
cally have an indirect band gap.>*®’* For composites, the
indirect-transition model provides clean linear regions across
the series, whereas direct fits are noisy and yield non-physical
intercepts for several compositions (Fig. S2 and Table S2).
We therefore assign an indirect optical transition as dominant
for these powders.

The band-gap energy (E,) of the materials can therefore be
approximated by analyzing the (aav)"/? vs. kv plot (Fig. 7b). The
E, values for ZnBi,O, and BiOBr were 2.84 eV and 2.95 eV,
respectively. The E, values of the composites were successively:
2.96 (x = 0.1), 3.10 eV (x = 0.3), 3.12 eV (x = 0.5), 2.91 (x = 0.7),
and 2.97 (x = 0.9). These variations, even in the case of an

n =

apparent increase in E, for some composites, can be related to
the intricacies of optical absorption in a composite system with
overlapping band edges, making determination of these values
through the Kubelka-Munk technique difficult. Regardless, the

R%

300 460 500
Wavelength (nm)
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main takeaway is that all composites, and in particular x = 0.7,
exhibit strong absorption in the visible region, which is impor-
tant for their enhanced activity. Moreover, these variations can
be ascribed to the existence of structural defects and specific
morphologies, including heterojunctions.

The sample with x = 0.7 exhibited an optimized bandgap,
which is consistent with XRD, Raman, and SEM analyses. These
results confirm the coexistence of both ZnBi,O, and BiOBr
phases, which enhances the surface area.

10. Photocatalytic activity

10.1. Degradation of RhB

The photocatalytic activity of the prepared samples was assessed
by monitoring the degradation of Rhodamine B under visible
light irradiation. The results revealed a strong dependence on
BiOBr ‘x’ content. Including the adsorption-desorption period of
30 min without irradiation (see Fig. 8a), the total degradation
efficiency increased with increasing BiOBr content up to x = 0.3,
reaching complete degradation (100% within 20 minutes). The
observed increase of the absorption effect is due to the increasing
amount of BiOBr in composites. Composites with x = 0.5, 0.7 and
0.9 achieved similar results in a shorter time of 10 minutes, while
BiOBr alone (x = 1) reached 100% degradation in 25 minutes, pure
ZnBi,0, (x = 0) showed a much lower degradation efficiency
of 25% in 25 minutes, and the composite with x = 0.1 reached
47% degradation in 25 minutes. This trend suggests that an
optimal ZnBi,O,:BiOBr ratio is crucial for maximizing photo-
catalytic performance. Reaction rate constants (k) were deter-
mined from the effective time ¢ = 0, after the adsorption-
desorption period, by fitting the C,/C, data to a pseudo-first-
order kinetic model (Fig. 8b and c). It was observed that the rate
constant varied considerably as a function of the BiOBr content (x)
in the ZnBi,0,/x-BiOBr composite (Fig. 8d). After the adsorption-
desorption period of the photocatalyst, the obtained k values
(in min~", with the standard error in parentheses) were as follows:

(b)

o
o
-

(F(R)hv)!

2.0 25 3.0 35 4.0
hv (eV)

Fig. 7 (a) UV-vis reflectance spectra of different samples and (b) calculation of the Eq (indirect) from plots of (FIR)h)Y2 vs. hv of the prepared

composites.
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x=0:k=0.00312(%3.73 x 10"*) min~*, x = 0.1: k= 0.00621(%6.8 x
107*) min~', x = 0.3: k = 0.11891(+6.4 x 10 %) min™*, x = 0.5:
k = 0.20573(£9.7 x 107%) min™ !, x = 0.7: k = 0.23169(+1.8 x
107%) min~?, x = 0.9: k = 0.21672(£4.6 x 10 *) min ', and x = 1:
k = 0.11452(+4.5 x 10~%) min . Moreover, the lowest rate
constants were observed for x = 0 and x = 0.1. Increased photo-
catalytic activity was observed for the following values seen for
x=0.3, 0.5, and 0.7 with a maximal rate constant obtained for the
composite with x = 0.7 (74 times higher than that of single
ZnBi,0,). This indicates that the introduction of BiOBr from
x = 0.3 to x = 0.7 improves reaction kinetics. For x = 0.9, the rate
constant decreases: this could be ascribed to the morphology
changes and decrease of proportion of interfaces ZnBi,O,/BiOBr.

10.2. Degradation of OG

Similar to the study of RhB, the photocatalytic activity of the
ZnBi,0,/x-BiOBr composite was evaluated for the degradation
of Orange G under visible light irradiation. The results showed
that the composite system also exhibited notable activity in
degrading this dye. Specifically, after the adsorption-desorption
period (30 min), the percentage of Orange G degradation after

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

30 min of irradiation was 33% for pure ZnBi,O, (x = 0) and 50%
for pure BiOBr (x = 1) and reached a maximum of 100% for the
composite with x = 0.7 (Fig. 9a and b). As in the case of RhB
photodegradation, the highest value of K was obtained for x =
0.7, which is 14 times higher than the one of ZnBi,0, (Fig. 9¢).
These differences in values of rate constants can be attributed
to the distinct chemical properties of the two dyes, affec-
ting their adsorption onto the photocatalyst surface and
their susceptibility to oxidation/reduction by photogenerated
species. Fig. 9d illustrates the evolution of the apparent rate
constant (K,pp) and the percentage degradation of Orange G
as a function of the composition of a photocatalyst, denoted
as x. The graph shows a direct correlation between these two
parameters: the higher the rate constant, the greater the
degradation rate. Maximum performance is achieved for the
composition x = 0.7, where the photocatalyst has the highest
rate constant (K,,, = 0.10528 + 0.0025 min ') and ensures
100% degradation of OG in 30 minutes. Beyond this optimal
value, the efficiency of the photocatalyst decreases. Comparing
these results with those obtained for RhB, the composite
exhibits a higher photocatalytic efficiency for the degradation
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function of reaction time t (min); (b) apparent rate constants k (min~%)

, with the pseudo-first-order reaction of OG photocatalytic degradation;

(d) variation of degradation values and apparent rate constants over the x content.

of RhB than for that of OG, suggesting a potential selectivity of
the material according to the target pollutant.

11. Possible degradation mechanism

To elucidate the photocatalytic degradation mechanism,
scavenging experiments were carried out by adding various
radical inhibitors to the dye solution (Fig. 10). In the presence
of Na2-EDTA, a hole scavenger (h*), the degradation of Orange
G was 18%. This suggests that holes play an important role in
the degradation process. Similarly, in the presence of r-ascorbic
acid, a superoxide radical scavenger (*0>”), degradation was
40%, indicating the involvement of these radicals. The use of
isopropanol, a hydroxyl radical HO® scavenger, led to a degra-
dation of 71%, suggesting a negligible involvement of hydroxyl
radicals.

As reported in the literature, the conduction band edge
position can be approximated using an empirical equation, as
given in ref. 22, 35, and 36,

Eyg = 7 — E° + 0.5E,,

1798 | Mater. Adv, 2026, 7,1790-1804

100 4

40 4

20 4

0
AA

EDTA

No scavengers P

Fig. 10 Relative contributions of reactive species in the photodegradation
process.

Ecp = Evg — Eg,

where Eyg is the valence band potential. Egg is the conduction
band potential. y is the electronegativity of the semiconductor.
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E° is the electron energy on the hydrogen scale (4.5 eV). E, is the
width of the band gap (in eV).The electronegativity of an
individual atom is defined as the arithmetic mean of its
electron affinity and first ionization energy. The solid electro-
negativity is 6.11 eV for ZnBi,O, and 6.18 eV for BiOBr**.” The
calculated Eyg and Ecg for ZnBi,O, are 3.03 eV, and O.19 eV,
respectively. For BiOBr, the Eyy and Ecg are 3.15 eV and
0.205 eV.

To better understand the charge transfer process, we per-
formed Mott-Schottky (M-S) measurements on the pure sam-
ples (Fig. 11a and b). The BiOBr graph showed a positive slope,
typical of n-type semiconductor materials, and the flat band
potential (Eg,) was —0.1 V (relative to Ag/AgCl). However,
ZnBi,O, showed a negative slope, indicating that it was
p-type, with an Eg, of +1.37 V vs. Ag/AgCl. Once converted to
the normal hydrogen electrode scale (NHE) (Exur = Eagiagct +
0.197 V), the conduction band potential (Ecg) of n-type BiOBr is
calculated to be +0.10 eV, and the valence band potential (Eyg)
of p-type ZnBi,0, is +1.57 eV. Experimental bandgap energies
(E,) from DRS data were used to obtain the respective Eyg (Evg =
Ecp + Eg) for BiOBr and Ecg (Ecp = Evg — Eg) values for ZnBi, 0y,

(2)
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which are +3.05 eV and —1.27 €V, respectively. These experi-
mental values confirm the formation of a p—n heterojunction.
The large potential difference between the bands indicates a
strong driving force for charge separation, which corresponds
to the observed increase in photocatalytic activity.

In order to provide quantitative evidence of the efficiency of
charge transfer and the mechanistic details of photogenerated
carrier separation, standard measurements of steady-state
photoluminescence (PL) and time-resolved photoluminescence
(TRPL) were performed. The PL spectra are shown in Fig. 11c.
In general, lower PL intensity indicates a lower electron-hole
recombination rate.*® The composite sample (x = 0.7) shows a
significant decrease in PL intensity compared to the pure
samples, suggesting that the formation of the heterojunction
inhibited the recombination of charge carriers. In addition, for
quantitative determination of the charge carrier lifetime, TRPL
decay curves were obtained (Fig. 11d). In comparison to the
pure ZnBi,O, with t = 3.74 ns (x = 0) and t = 3.38 ns for BiOBr
(x = 1) samples, the optimal composite sample (x = 0.7) decay
kinetics appear to be noticeably slower in this case. A slower
decay will correlate with a longer average lifetime (¢ = 4.36 ns)

(b)
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Fig. 11 Mott-Schottky plot of ZnBi,O4 (a) and BiOBr (b); photoluminescence characterization of ZnBiO4, BiOBr, and their composites x = 0.7 (c) and (d).
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of the charge carriers that are photo-generated. The longer
lifetime is a clear indicator of spatial charge separation at the
ZnBi,0,/BiOBr interface, since electrons and holes are sepa-
rated to the conduction and valence bands of their respec-
tive materials (Type-II alignment) ultimately prolonging their
recombination. This extended lifetime allows more charge
carriers to participate in surface redox reactions, which is
directly related to the improved photocatalytic performance
observed for the x = 0.7 composite.

Based on valence-band and conduction-band potential
values determined from UV-vis measurements, an II-type het-
erojunction mechanism is proposed in Fig. 12. In this type of
junction configuration, photo-excited electrons in the conduc-
tion band of ZnBi,0, migrate to the conduction band of BiOBr,
while photo-excited holes in the valence band of BiOBr migrate
to the valence band of ZnBi,0,. This spatially separated charge
transfer reduces electron-hole recombination and promotes
the accumulation of electrons in the BiOBr conduction band
and holes in the ZnBi,0, valence band. These electrons and
holes then react with adsorbed oxygen and water to form
superoxide and hydroxyl radicals, respectively, which are
responsible for dye degradation.

12. Photocatalyst stability and
reusability

In order to evaluate the stability and practical use of the pre-
pared photocatalysts, we studied the reusability of the optimal
composite (1 — x)ZnBi,0,/x-BiOBr (x = 0.7) for the photocata-
lytic degradation of RhB under visible light irradiation. After
each degradation cycle, the photocatalyst was recovered from
the solution by centrifugation, thoroughly washed with ethanol

Before Contact
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and distilled water, and then dried before proceeding to the
next cycle. Degradation was continued for five consecutive
cycles, and the results are shown in Fig. 13a. The composite
x = 0.7 achieved 100% degradation in the initial cycle and
displayed impressive and stable performance in subsequent
cycles, with 92% degradation in the third cycle and 81%
degradation efficiency even after five cycles. The slight
reduction in activity is most likely due to the inevitable loss
of photocatalyst powder mass during the washing and recovery
stages of the cyclic tests and does not indicate deactivation of
the catalyst itself. To further demonstrate the stability of the
composite, characterization of the catalyst was performed after
the fifth degradation cycle.

The XRD diagrams (Fig. 13b) before and after five photo-
catalysis cycles demonstrate that the most intense peaks of
ZnBi,0,/BiOBr exhibit stable 20 values, meaning that the
composite retains both its crystalline structure and phase
composition. Some reflections vary in intensity and additional
weak reflections appear due to a change in crystallinity, a
change in the preferred orientation of the crystallites, and
a minor change in the relative content of the phases, likely
resulting from some photocorrosion after the photocatalytic
cycle. Under light irradiation, BiOBr also has the poten-
tial to form oxygen vacancies on the surface, which impact
local structures and scattering factors, adding to variations in
peak intensity changes and producing new weak diffraction
reflections associated with defect-rich regions.>*”*® Similarly,
FTIR analysis (Fig. 13c) shows that the spectrum of the
used catalyst is almost identical to that of the new sample,
demonstrating the chemical stability of the composite. These
results, combined with high reusability over five cycles
and confirmed structural and chemical stability, lead to the
conclusion that the ZnBi,0,/BiOBr composite is a stable and

After Contact + irradiation
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Fig. 12 Photodegradation mechanisms of RhB and OG dyes over (1 — x)ZnBi,O4/x-BiOBr photocatalysts under visible light irradiation.
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the x = 0.7 composite before and after degradation cycles.

promising photocatalyst for environmental pollution control
applications.

13. Degradation of the pharmaceutical
pollutant

To confirm the intrinsic photocatalytic activity of the composite
and rule out dye-sensitization effects, degradation of a colorless
pollutant amoxicillin (AMX) (10 mg L™") was tested, using the
optimal sample x = 0.7. Photocatalytic degradation of AMX
(10 mg L") using the x = 0.7 composite under visible light is
shown in Fig. S3. The evolution of UV-vis absorption spectra as
a function of time (Fig. S3a) demonstrates that the charac-
teristic absorption peak of AMX around 228 nm decreased
in intensity during the 150 min irradiation period, indicating
that the molecular structure of the antibiotic was degraded.
In Fig. S3b, the composite was tested for its degradation
efficiency against this recalcitrant pollutant and demonstrated
a high level of degradation efficiency, approximately 80%,
within 150 min. Thus, this finding provides strong evi-
dence for the powerful intrinsic photocatalytic activity of the
ZnBi,0,/BiOBr heterojunction and is able to degrade stable

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

(a) Photocatalytic reusability of the x = 0.7 composite for RhB degradation over five consecutive cycles; (b) XRD patterns and (c) FTIR spectra of

pharmaceutical compounds without relying upon dye sensiti-
zation mechanisms.

14. Comparative evaluation and
novelty

In order to evaluate the performance of the optimal composite
(x = 0.7) based on the existing literature, Table 2 shows the
comparison of the photocatalytic activity of various recent
photocatalysts based on ZnBi,O, and BiOBr. The compar-
ison of the results clearly highlights the performance of our
material, since the apparent rate constant (k,pp) for RhB
degradation (0.2313 min~") is approximately 16 times higher
than that for ZnBi,O,-graphite-based composites (0.0141 min )
and significantly outperforms ternary systems such as rGO-
ZnBi,04-Bi,S; (0.0356 min~") and the various BiOBr compo-
sites, including BiOBr/BNQDs (0.0696 min~ ') and BiOBr/Fe;0,/
RGO (0.049 min%). It should also be noted that this high
performance is achieved by a simple two-step hydrothermal
synthesis method without noble metal co-catalysts or complex
multi-component structures. This demonstrates the practical
value and effectiveness of the simple compositional optimization

Mater. Adv., 2026, 7,1790-1804 | 1801
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Table 2 Comparison of the photocatalytic performance of the ZnBi,O4/BiOBr composite (this work) with that of other ZnBi,O4 and BiOBr-based

photocatalysts reported in the literature

Operating conditions (catalyst loading; Irradiation % degradation;
Photocatalyst Pollutant  volume; pollutant Co; light source) source time K value; min~'  Ref.
ZnBi,0,/BiOBr RhB 50 mg; 50 mL; 10 ppm; 250 W; Visible 100%; 15 min 0.2313 This

OG A > 420 nm 100%; 30 min 0.1052 work

ZnBi,0,-graphite RhB 100 mg; 100 mL; 50 ppm; 300 W Xe Visible 93.8%; 150 min 0.0141 39
composites lamp (4 > 420 nm)
1.0 rGO-ZnBi,0,— Indigo 100 mg; 100 mL; 50 ppm; 300 halogen Visible >97%; 75 min 0.0356 40
2.0Bi,S; carmine lamp (4 > 420 nm)
Bi,,05:Bry, Cefixime 100 mg; 100 mL; 10 ppm; ultraviolet light UV 89%; 30 min — 41
nanospheres (CFX) UVA 24 W, 270 nm, 20 mW cm >
BiOBr/BNQDs RhB 30 mg; 50 mL; 20 ppm; 300 W Xe lamp, Visible 98.56%; 60 min 0.0696 42
(8.3 wt% BNQDs) A > 420 nm (400 mW cm?)
BiOBr/GO RhB 1000 mg; 130 mL; 25 ppmy; Visible >99%; 120 min — 43

Diiwi 25920/R7S-24 W; 81.37 W m 2
BiOBrg.7510.25 solid RhB 10 mg; 30 mL; 20 ppm; 350 W Visible Higher RhB removal = kupp = 3.4% 44
solution Xe lamp, 4 > 420 nm than BiOBr or BiOI; BiOBr

best in BiOBr,I; (15.1x BiOI)
series

BiOBr/Fe;0,/RGO-56% RhB 22.5 mg; 50 mL; 20 ppm; 300 W xenon Visible ~96%; 60 min 0.049 45

lamp with a 420 nm filter
established in the ZnBi,O,/BiOBr system to achieve the most Acknowledgements

efficient degradation kinetics.

15. Conclusions

In summary, a ZnBi,O,/BiOBr composite photocatalyst was
prepared using a hydrothermal method. The results show that
photocatalytic performance strongly depends on the composi-
tion ratio, with the x = 0.7 photocomposite exhibiting the
highest activity for the degradation of RhB and OG under visible
light. The improvement in performance can be attributed to the
advantages of a high specific surface area (21.773 m”> g ') and
efficient charge separation resulting from a type II heterojunction.
The stability tests also confirmed the reusability of the catalyst,
highlighting the simplicity of composition tuning as a useful tool
for producing effective Bi-based heterojunction photocatalysts for
environmental remediation.
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