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promotes the in situ generation of reactive oxygen species.

The ZnWO4/BiOBr heterostructured photocatalyst was prepared using a hydrothermal synthesis method and systematically characterized
using advanced analytical techniques. Its photocatalytic performance was evaluated under simulated sunlight, demonstrating efficient
degradation of rhodamine B (RhB) dye. The best performing 10 wt.% ZnWO4/BiOBr photocatalysts remove about 99% RhB (10 mg/L),
whose photocatalytic degradation rate was 17-times and 5-times superior than ZnWO4 and BiOBr parent materials, respectively. The
enhanced photocatalytic efficiency of the 10 wt.% ZnWO4/BiOBr nanocomposite under visible light is attributed to its favourable band
alignment resembling a Z-scheme mechanism, which facilitates effective charge separation, suppresses electron-hole recombination and
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INTRODUCTION

The acceleration of industrialization across the globe has
intensified environmental challenges with water contamination
and energy shortages emerging as critical concerns. Among
various forms of aquatic pollution, the discharge of residual
effluents from textile manufacturing has garnered substantial
attention due to its ecological and public health implications
[1,2]. Cationic dyes, particularly rhodamine B, are widely emp-
loyed in textile and related industries because of their vibrant
colour properties and stability [3-5]. However, their strong
affinity for water and resistance to degradation make them per-
sistent pollutants, posing significant risks to aquatic ecosys-
tems and human health [6,7]. To mitigate the environmental
burden of these dyes, various treatment technologies have been
investigated, among which semiconductor-based heterogene-
ous photocatalysis has emerged as a promising strategy for
degrading organic pollutants in wastewater. Despite their
potential, conventional semiconductor photocatalysts are often
limited by poor redox activity, structural defects and high reco-
mbination rates of photoinduced electron-hole pairs, which
restrict their photocatalytic efficiency [8-10]. Consequently,
there isa compelling need for the development of robust, stable

and sunlight-responsive photocatalysts capable of efficiently
degrading dyes under solar irradiation. In recent years, bismuth
based photocatalysts have attracted considerable interest owing
to their unique layered structures and excellent visible-light
responsiveness [11]. Photocatalysts such as Bi;WOQOs [12],
BiVO4 [13], Bi2M0Os¢ [14] and Bi,Ss [15] have been extensi-
vely studied due to the favourable electronic configuration of
Bi®* ions (6s?). Among these, bismuth oxybromide (BiOBr)
stands out as a promising material due to its layered tetragonal
structure, environmental benignity, non-toxicity and superior
chemical stability [16].

However, pristine BiOBr exhibits a wide band gap, lead-
ing to rapid recombination of photogenerated charge carriers
and limited photocatalytic activity. To address this issue, the
construction of heterojunction systems, especially Z-scheme
nanocomposites, has been widely explored [17]. Such systems
involve the integration of BiOBr with semiconductors posse-
ssing appropriately aligned band edge positions [18,19]. The
Z-scheme heterostructure offers significant advantages by pro-
moting efficient charge separation while preserving strong
redox potentials. In this configuration, photogenerated elect-
rons and holes are spatially confined within different semi-
conductors, which promotes the formation of reactive oxygen
species essential for photocatalytic reactions [20-22].
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Several studies have demonstrated the superior photo-
catalytic performance of BiOBr-based heterojunctions. Qiu
et al. [23] reported a SnS,/BiOBr composite exhibiting signi-
ficant enhancement in rhodamine B dye degradation. Simi-
larly, Hu et al. [24] synthesized a Sn3O4/BiOBr type-Il hetero-
junction, which displayed remarkable activity in dye removal.
Furthermore, Raizada et al. [25] developed a novel Ag-AgCl/
BiOBr Z-scheme photocatalyst that effectively eliminated
phenol from aqueous media. These advances underscore the
potential of BiOBr-based heterostructures in the sustainable
treatment of dye-contaminated wastewater. The photocatalytic
performance of BiOBr can be significantly improved by incor-
porating ZnWQ; as a sensitizer, owing to the well-matched
band edge positions of ZnWO, and BiOBr.

In this study, a novel ZnWO./BiOBTr heterostructure was
synthesized through a two-step hydrothermal method and
thoroughly characterized to evaluate its morphological, struc-
tural and optical properties. The results suggest the successful
formation of a well-coupled nanocomposite, with evidence
supporting the establishment of a Z-scheme heterojunction
between ZnWQ, and BiOBr, promising for enhanced photo-
catalytic performance.

EXPERIMENTAL

Zinc nitrate hexahydrate, sodium tungstate, potassium
bromide, isopropyl alcohol chloroform and ammonium oxa-
late, rhodamine B dye were procured from Rankem Pvt. Ltd.,
India. The crystalline phases were analyzed using a Bruker
AXS diffractometer with a graphite-monochromated CuKa
radiation source (A = 1.5418 A), operated at 40 kV and a scan
rate of 1° min~t. Surface morphology was investigated using
field-emission scanning electron microscopy (FE-SEM, Zeiss
Ultra Plus 55) at an accelerating voltage of 20 kV. Optical
absorption spectra were recorded using a Shimadzu UV-2450
spectrophotometer (Japan) with BaSO4 employed as reference
material.

Synthesis of ZnWO. nanoparticles: Firstly, ZnWO4
nanoparticles were prepared by the hydrothermal method.
Mixture A containing Zn(NOs3),-6H,0 (1.4874 g) in 25 mL
of deionized water was added to a mixture B comprising of
1.649 g Na;WO4-2H,0 in 25 mL deionized water and conti-
nuously stirred for 0.5 h. The final suspension was put into
autoclave and placed at 200 °C in oven for 12 h. Finally, the
supernatant liquid was disposed of and the final product was
gathered, cleaned with water and ethanol and then let too dry
at 50 °C.

Synthesis of ZnWOQO4/BiOBr photocatalyst: Initially,
KBr (2 mmol) and bismuth nitrate pentahydrate (2 mmol) was
mixed in 50 mL of deionized water and the final solution was
continuously stirred for 0.5 h. The pH of the solution was
adjusted at 6 using a 10 M NaOH solution. Subsequently,
specific amounts of ZnWO, (5, 10 and 15 wt.%) were added
to the mixture, which was then stirred continuously for 1.5 h.
The resulting suspension was transferred into a 100 mL Teflon-
lined autoclave and subjected to hydrothermal treatment at 100
°C for 12 h. After the reaction, the synthesized ZnWO./BiOBr
photocatalyst samples were collected, washed thoroughly,
and dried at 60 °C overnight.

RESULTS AND DISCUSSION

XRD studies: The crystalline structure of 10 wt.% ZnWO./
BiOBr composite, along with its individual components (pure
ZnWO, and BiOBr), was examined using X-ray diffraction (XRD)
and the corresponding patterns are displayed in Fig. 1. The diff-
raction peaks of pure BiOBr and ZnWO4 matched well with the
tetragonal phase of BiOBr (JCPDS No. 85-681) and the mono
clinic scheelite-type phase of ZnWO, (JCPDS No. 14-0688),
respectively [23,26]. Notably, the XRD pattern of the 10 wt.%
ZnWO./BiOBr composite clearly exhibited the characteristic
diffraction peaks corresponding to ZnWO,, confirming its succ-
essful incorporation into the heterostructure.
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Fig. 1.

Morphological studies: The surface morphology and
particle size of the as-prepared pure ZnWO,, BiOBr and their
10 wt.% composite (ZnWO4/BiOBr) were investigated thro-
ugh scanning electron microscopy (SEM). As shown in Fig. 2a,
the ZnWO, sample consisted of nanoparticles with irregular
shapes, with diameters ranging from approximately 70 to 90
nm. In contrast, the SEM image of pure BiOBr (Fig. 2b)
displayed plate-like structures with non-uniform morphology
and lateral sizes between 300 and 600 nm. The FESEM image
of 10 wt.% ZnWO4/BiOBr composite (Fig. 2c) revealed that
ZnWO4 nanoparticles were uniformly anchored onto the surf-
ace of the BiOBr nanoplates, indicating good interfacial contact
between the two components.

Optical properties and band structure analysis: The
optical band gaps of pure ZnWO,, BiOBr and 10 wt.%
ZnWO4/BiOBr composite were evaluated using UV-vis DRS
method. The corresponding Tauc plots, derived from the
(athv)? vs. hv relationship, are shown in Fig. 3. The estimated
band gap energies (Eg) were found to be approximately 3.50
eV for ZnWO,, 2.86 eV for BiOBr and 2.92 eV for 10 wt.%
ZnWO4/BiOBr heterojunction.

To further understand the band structure, the conduction
band (Ecs) and valence band (Evs) edge potentials were
calculated using the following equations.
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The Ecg and Evg represent conduction band and valence
band energies, respectively, Eq represents band gap energy, y
values for ZnWO, and BiOBr is 5.44 eV and 6.18 eV for
respec-tively and E. (energy of free electron). The Ecg and
Evs values of BiOBr are 0.22 eV and 3.14 eV. Similarly, the
value of conduction band (Ecg) and valence band (Evg) of
ZnWO, are -1.31 and 2.19 eV, respectively.

Photocatalyst studies: The UV-visible absorption spectra
of rhodamine B (RhB) solution (10 mg/L) treated with a photo-
catalyst dose of 0.6 mg/mL are shown in Fig. 4a. Prior to light
irradiation, the adsorption-desorption equilibrium was estab-
lished in the dark. Subsequently, the samples were exposed to
the natural sunlight. The time-dependent decrease in the norm-
alized concentration of RhB (C/C,) during irradiation is shown
in Fig. 4b. The degradation behaviour followed a pseudo-first-
order kinetic model, as evidenced by the linear fit in Fig. 4c.
Control experiments without a photocatalyst confirmed that
photolysis of RhB under identical conditions was negligible
(Fig. 4b, Table-1).

TABLE-1
ADSORPTION AND DEGRADATION
EXPERIMENTS SUMMARY

Rate constant

Photocatalysts Ads. (%) Deg. (%)

(min?)
15 wit.% ZnWO4/BiOBr 21% 82% 0.020
10 wt.% ZnWO4/BiOBr 23% 99% 0.035
5 wt.% ZnWO4/BiOBr 20% 74% 0.015
BiOBr 12% 42% 0.007
ZnWO4 20% 37% 0.002
Blank NA 10% 0.001

The influence of photocatalyst dosage and initial RhB con-
centration on degradation efficiency was also investigated. The
comparative photocatalytic tests were conducted using pure
ZnWO,, pristine BiOBr and ZnWO4/BiOBr composites with
varying ZnWO; loadings. The results are summarized in Fig. 5.
The corresponding degradation efficiencies and rate constants
are presented in Table-1. Among the tested materials, 10
wt.% ZnWO./BiOBr nanocomposite demonstrated superior
photocatalytic activity, achieving ~99% RhB degradation
within 80 min of sunlight exposure. This performance was
nearly five times higher than that of pristine BiOBr.

The enhanced activity of 10 wt.% ZnWO.4/BiOBr comp-
osite is attributed to the effective formation of a heterojun-
ction, which promotes efficient charge carrier separation and
minimizes electron-hole recombination. In contrast, 5 wt.%
composite exhibited relatively poor performance, likely due
to insufficient ZnWO, content, limiting light absorption and
charge separation efficiency. The 15 wt.% composite also exhi-
bited the reduced activity, possibly due to the excess ZnWOQ,
obstructing active sites on the BiOBr surface. The apparent
rate constant (k) for RhB degradation using 10 wt.% ZnWO./
BiOBr catalyst was found to be 0.035 min‘, significantly hig-
her than those for pure BiOBr (0.007 min) and ZnWOQ, (0.002
min?), under the similar conditions. The improved photo-
catalytic efficiency of the ZnWO4/BiOBr composites is due
to the enhanced charge carrier dynamics and the generation
of reactive oxygen species (ROS).

Mechanistic insight via scavenger studies: To further
elucidate the photocatalytic mechanism, ROS scavenging exp-
eriments were conducted using 10 wt.% ZnWO./BiOBr cata-
lyst in the presence of various scavengers. Isopropyl alcohol
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Fig. 4. (a) Absorption spectrum of RhB degradation, (b-c) degradation and pseudo-first-order kinetic plot RhB by ZnWOQs, BiOBr and

ZnWO4/BiOBr nanocomposites and (d) scavenger studies

(IPA), ammonium oxalate (AO) and chloroform were emp-
loyed to quench hydroxyl radicals (‘OH), photogenerated holes
(h*) and superoxide radicals (O2™), respectively [27]. The
results (Fig. 4d) revealed a significant reduction in RhB degra-
dation efficiency upon addition of scavengers, indicating the
active involvement of these species in the degradation process.
Among them, chloroform exhibited the strongest inhibitory
effect, highlighting the crucial role of superoxide radicals. A
noticeable decline in efficiency was also observed with AO,
confirming the contribution of photogenerated holes to the
degradation mechanism.

Reusability: The recyclability of 10 wt.% ZnWO./BiOBr
photocatalyst was assessed over five consecutive cycles of RhB
degradation under sunlight. The catalyst retained its photo-
catalytic activity with the minimal loss in performance, demo-
nstrating its excellent stability (Fig. 6a). The post-reaction
structural analysis using powder X-ray diffraction (pXRD)
revealed no significant changes in the crystalline structure after
repeated use (Fig. 6b), confirming the structural integrity and
durability of the composite photocatalyst.

Photocatalytic mechanism: The efficiency of charge
carrier separation and transfer in heterojunction-based photo-
catalysts is highly dependent on the appropriate alignment of
the band edge positions of the constituent semiconductors. In
case of the ZnWO./BiOBr heterostructure, the conduction band
(Ecg) of ZnWO, possesses a more negative potential comp-
ared to that of BiOBr. Consequently, in a conventional type-II
heterojunction configuration, photogenerated electrons would
transfer from the Ecg of ZnWO4 to the valence band (Evg) of
BiOBr, where they would recombine with holes. However,
the Ecg potential of BiOBr is more positive than the reduction
potential required to convert molecular oxygen (O.) to super-
oxide radical anion (O2™), which is approximately -0.33 eV
[28]. As a result, under a type-11 mechanism, it would be ener-
getically unfavourable for electrons in BiOBr conduction band
to reduce Oz into Oy™". This contradicts the results of radical sca-
venging experiments, which indicated that O, plays a pivotal
role in the degradation of RhB molecules (Fig. 7). To reconcile
these findings, an alternative Z-scheme mechanism is also
proposed for the photocatalytic activity of the ZnWO./BiOBr
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Fig. 7. Potential pathways for the photocatalytic degradation of rhodamine B (RhB) using a ZnWO./BiOBr nanocomposite

heterojunction. Under sunlight irradiation, both ZnWO, and
BiOBr absorb visible light, leading to the generation of electron-
hole pairs. In this configuration, photogenerated electrons in
the conduction band of BiOBr, migrate to the valence band of
ZnWOQ,, where they rapidly recombine with photogenerated
holes. This charge transfer pathway allows the more reductive
electrons in the conduction band of ZnWO, to remain avail-
able, where they can efficiently react with adsorbed oxygen
molecules to generate superoxide radicals (O,™"). Simultane-
ously, the photogenerated holes retained in the valence band
of BiOBr can directly oxidize RhB molecules. Furthermore,
superoxide radicals may also be generated through a two-
electron reduction pathway from hydrogen peroxide or via
subsequent reactions involving photogenerated holes [29], as
described by the following reactions:

ZnWO, +hv > e +hig (1)
BiOBr+hv —e; +hyg (2)

BiOBr(es +hyg) +ZnWO, (ecs +hig) >

3
BioBr(egz) + ZnWO, (hy;) ®

BiOBr(es) + ZnWO, (hy;) — Recombination  (4)

BiOBr(hyz) + RhB, —CO, +H,0 5)
ZnWO, (ez) +0, - ZnWO, +0O;* (6)
O;" +RhB,, - CO, +H,0 (7

Conclusion

In this work, ZnWO4/BiOBr heterojunction photocatalyst
was successfully synthesized via in situ hydrothermal method,
demonstrating outstanding photocatalytic performance for the
degradation of RhB under natural sunlight irradiation. The 10

wt.% ZnWO./BiOBr composite exhibited significantly higher
photocatalytic efficiency compared to pristine BiOBr, with a
degradation rate constant approximately five times greater.
This enhanced activity can be attributed to its excellent absor-
ption of visible light and improved charge carrier separation.
Moreover, the ZnWOQO4/BiOBr nanocomposite maintained both
its structural integrity and photocatalytic performance over
five successive cycles, highlighting its excellent stability and
reusability for practical applications.
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