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Phase-engineered bismuth-rich oxybromides
(Bi,O, Br,) for visible-light photocatalytic
degradation of emerging pollutants and
harmful algal blooms
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Non-stoichiometric bismuth-rich bismuth oxybromides (Bi,O,Br,) have attracted significant attention due
to their excellent stability, tunable band structure, visible light responsiveness, and unique 2D layered mor-
phology. In this study, a modified hydrolysis method was adopted to synthesize a BiOBr precursor using
an elevated concentration of the Bi** precursor. Subsequent calcination of the as-prepared BiOBr precur-
sor at varying temperatures induced phase transformation into Bi»4Oz3Brig, BisOsBr,, BisO,Br, and
Bi;2047Br,, as confirmed by XRD analysis. Morphological characterization via FESEM and TEM revealed the
retention of layered 2D plate-like structures, while XPS analysis further corroborated the phase transitions
by identifying changes in surface composition and chemical states. The photocatalytic activities of these
phase-engineered Bi,O,Br, materials were evaluated through the degradation of methylene blue dye and
acetaminophen under visible-light irradiation. Notably, Bi;,O47Br, demonstrated superior photocatalytic
performance and was further investigated for its efficacy in degrading Microcystis aeruginosa algal cells.
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The enhanced activity of Bi;,O1,Br; is attributed to improved generation of reactive oxygen species and
reduced electron—hole pair recombination, facilitated by its inherent ability to generate an internal static
electric field. This work highlights a cost-effective strategy for designing Bi,O,Br, photocatalysts with
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1. Introduction

Water pollution, exacerbated by rapid urbanization, industrial
growth, and increasing population, poses a severe threat to
environmental sustainability and public health. The release of
industrial effluents, agricultural runoff, and untreated dom-
estic wastewater has led to the accumulation of various con-
taminants, including synthetic dyes, pharmaceutical residues,
and harmful biological pollutants.”” Among these, methylene
blue dye (MBD), extensively used in the textile, paper, leather,
and biomedical industries, is particularly concerning due to
its high solubility and chemical stability. Its persistence in
aquatic environments can lead to ecological imbalances, tox-
icity in aquatic organisms, and potential carcinogenic effects
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phase-dependent activity toward both chemical and biological pollutants of emerging concern.

in humans. Similarly, pharmaceutical contaminants such as
paracetamol (acetaminophen, AMP) frequently appear in
wastewater due to their incomplete removal by conventional
treatment systems.” Even at trace concentrations, these pollu-
tants can disrupt aquatic ecosystems, interfere with endocrine
functions in marine organisms, and contribute to the prolifer-
ation of antibiotic-resistant bacteria. The continuous presence
of such contaminants underscores the need for efficient degra-
dation strategies to mitigate their detrimental effects.*
Another critical environmental challenge is the prolifer-
ation of harmful algal blooms, particularly those caused by
Microcystis aeruginosa (MA). Excessive nutrient influx from fer-
tilizers and untreated wastewater accelerates eutrophication,
fostering the rapid expansion of cyanobacterial populations.
These blooms not only deplete dissolved oxygen levels, creat-
ing inhospitable conditions for aquatic life, but also release
potent toxins such as microcystin-LR. Exposure to microcystin-
LR has been associated with severe health risks, including
liver damage and an increased likelihood of colon cancer,
highlighting the urgent need for effective remediation
strategies.>® Given the limitations of conventional wastewater
treatment methods in effectively addressing these contami-
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nants, the development of advanced treatment technologies
has become imperative.

Among emerging solutions, advanced oxidation processes
(AOPs) have gained prominence due to their ability to generate
highly reactive oxygen species (ROS), such as hydroxyl radicals
('OH) and superoxide anions ("O,”). These reactive species
facilitate the degradation of complex pollutants, breaking
them down into harmless byproducts like CO,, H,0, and in-
organic ions. Among various AOPs, semiconductor-based
photocatalysis stands out as a promising, cost-effective, and
environmentally sustainable approach. This method utilizes
UV-visible light to excite electrons in a semiconductor catalyst,
such as titanium dioxide (TiO,), generating electron-hole pairs
that drive redox reactions. In aqueous systems, these reactive
species promote the degradation of organic pollutants through
oxidation and reduction processes, leading to their complete
mineralization. The effectiveness of photocatalysis in breaking
down persistent contaminants, including synthetic dyes, phar-
maceuticals, and harmful algal toxins, underscores its poten-
tial as a transformative solution for modern wastewater treat-
ment and environmental management.

Despite the extensive research on TiO, as a photocatalyst,
its practical application remains restricted due to its limited
activity under UV light, which constitutes only about 5% of the
solar spectrum.” To enhance its visible-light-driven perform-
ance - crucial given that visible light makes up approximately
43% of solar energy - various modification strategies have
been explored, including doping with metals like silver and
bismuth, as well as the incorporation of polymer-based
materials.®'° These modifications have significantly improved
its solar energy utilization for environmental remediation
applications. In this context, two-dimensional (2D) semi-
conductor photocatalysts have garnered increasing attention
over their zero-dimensional (0D) and one-dimensional (1D)
counterparts due to their distinct structural and electronic
advantages. Their ultrathin morphology offers a large surface
area and shorter charge transport pathways, which help reduce
charge recombination and enhance photocatalytic efficiency.
Additionally, their superior light absorption, strong pollutant
adsorption, and tunable electronic properties can be further
optimized through heterostructure engineering, making them
highly adaptable for energy and environmental applications.
Among various 2D semiconductors, bismuth oxyhalides (BiOX,
where X = F, Cl, Br, and I) have been widely recognized for
their unique properties. These materials possess layered
crystal structures, tunable bandgaps, excellent chemical stabi-
lity, and efficient charge separation capabilities. Structurally,
BiOX adopts a tetragonal matlockite-type arrangement, con-
sisting of alternating [X-Bi-O-Bi-X] layers held together by
weak van der Waals interactions along the c-axis. This distinc-
tive structure contributes to their high photocatalytic activity,
making them promising candidates for advanced photo-
catalytic applications under visible light."!

However, conventional BiOX photocatalysts exhibit rela-
tively positive conduction band (CB) positions, which may
limit their efficiency in driving reduction reactions. To address

3420 | Nanoscale, 2026, 18, 3419-3432

View Article Online

Nanoscale

this limitation, researchers have synthesized non-stoichio-
metric bismuth oxyhalides, commonly referred to as bismuth-
rich bismuth oxyhalides (Bi,O,X,, where X = CI, Br, I)."'"™"
These materials exhibit more negative CB positions, thereby
enhancing their potential to facilitate critical photocatalytic
reactions, including CO, reduction, H, evolution and N, fix-
ation. Additionally, their higher valence band (VB) positions
relative to the H,O/°OH potential enable efficient oxidation
reactions, making them highly suitable for sustainable
environmental remediation and  energy
applications.'***

Since the initial report on bismuth-rich Bi;0,CI in 2006,'°
numerous Bi,OyX, compounds, such as BizO4Br, Bi;;0;7Br,,
Bi;O,Br, and Bi;O,1, have been synthesized.'” These materials
exhibit bandgap energies ranging from 2.0 to 3.6 eV, allowing
them to efficiently absorb both UV and visible light. Various
synthesis approaches, including hydrothermal, solvothermal,
and calcination-based methods, have been employed to fine-
tune their composition, consequently modifying their photo-
catalytic properties. Specifically, the phase transformation
studies revealed that bismuth oxyiodides (e.g., BiOI, Bi,Osl,,
Bi5;0;1, and Bi,;Oql;) synthesized via dehalogenation strategies,
especially by controlled calcination, exhibit enhanced photo-
catalytic activity,'®'® whereas most Bi,O,Br, materials have
relied on hydrothermal or solvothermal methods for
synthesis.>*>® While effective, these methods are typically
time-consuming and require high pressures but yield relatively
small amounts of Bi,O,Br, photocatalysts.”® In contrast, our
study demonstrates a straightforward calcination-based
approach for synthesizing phase-controlled Bi-rich oxybro-
mides from a simple BiOBr precursor synthesized using a
simple hydrolysis method.>” This route enables tuning the
physio-chemical properties of the photocatalyst through temp-
erature-induced phase transitions, which remains relatively
less explored in the current literature.

In this study, we synthesized a series of Bi,O,Br, photocata-
lysts using a modified hydrolysis method, followed by calcina-
tion of the resulting precipitate at temperatures ranging from
200 °C to 500 °C. This approach yielded Bi,;03;Br;q, Bi;OsBr,,
Bi;O,Br, and Bi;,0,,Br, photocatalysts. The photocatalytic
activity of these materials was evaluated by assessing their
efficiency towards the degradation of MBD and AMP under
visible light exposure. The most effective photocatalyst,
Bi;,0,,Br,, was further tested for its ability to degrade MA col-
lected from natural pond water. While previous research has
primarily focused on solvothermal or hydrothermal synthesis,
this study presents a novel approach by employing a simple
hydrolysis method followed by controlled calcination, which
remains largely unexplored. Additionally, to the best of our
knowledge, this is the first study investigating the photo-
catalytic degradation of MA using pristine Bi;»;O;,Br,, high-
lighting its potential for addressing emerging environmental
contaminants. Our findings demonstrate that Bi,O)Br, are
excellent photocatalysts with the flexibility to modify their
band structure and light absorption properties, making them
highly effective in mitigating environmental pollutants. These

conversion
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advancements further underscore the growing potential of
Bi,O)X; for sustainable environmental remediation.

2. Experimental
2.1. Materials

Analytical grade chemicals such as bismuth nitrate pentahy-
drate (Bi(NOj3);-5H,0), potassium bromide (KBr), and ethanol
were procured from Merck and were used without any purifi-
cation. Also, acetaminophen (CgHgNO,) and methylene blue
dye of the highest purity purchased from LOBA Chemie
Laboratories and Sigma Aldrich, respectively, were utilized as
received. High purity deionized (DI) water (resistivity ~18.2
MQ cm) was used throughout the experiments.

2.2. Synthesis of Bi,O,Br, photocatalysts through hydrolysis
followed by calcination

BiOBr precursor powder was first synthesized through a con-
trolled hydrolysis method. First, 0.0268 g of KBr (0.02 M) was
dissolved in 15 mL of DI water and heated to 90 °C under con-
tinuous stirring. In parallel, 0.97 g of Bi(NO;);-5H,0 (0.1 M)
was dispersed in 20 mL of ethanol to prevent premature hydro-
lysis and ensure controlled nucleation upon mixing with Br~
solution. The Bi**/Br~ molar ratio was selected to maintain a
slight excess of Bi**, which helps prevent the formation of sec-
ondary oxybromide impurities. Once the KBr solution reached
90 °C, the Bi*" ethanol suspension was slowly added dropwise
over ~5 min. Upon addition, the reaction mixture turned turbid,
and white precipitates formed through the reaction of Bi** and
Br~ and hydrolyzed hydroxyl species. During hydrolysis, the pH
of the reaction mixture stabilized at ~6.2, which is within the
optimal range for BiOBr nucleation. After mixing, the suspen-
sion was maintained at 90 °C for an additional 30 min, allowing
partial evaporation of solvent and growth of precursor particles.
The resulting precipitate was collected by centrifugation and
washed three times each with DI water and ethanol to remove
residual ions and nitrate species. White precursor powder was
obtained by drying the precipitate in an oven at 100 °C for 12 h.
To obtain Bi,OyBr, photocatalysts with tailored crystallinity and
oxygen defect concentrations, the BiOBr precursor was calcined
at different temperatures. Samples designated as BC2, BC3,
BC4, and BC5 were produced by calcining the precursor at
200 °C, 350 °C, 400 °C, and 500 °C, respectively, for 2 h, with a
heating rate of 10 °C min™". The temperatures were chosen to
progressively induce partial decomposition and oxygen defect
formation while avoiding transition to Bi,O; at higher tempera-
tures. Details corresponding to the characterization of the
samples are presented in Text S1 (SI).

2.3. Visible light driven photocatalytic degradation of
methylene blue and acetaminophen

The photodegradation efficiencies of the Bi,OyBr, photocata-
lysts were assessed by studying the degradation of MBD and
AMP. The studies were conducted under visible light by
employing a Luzchem Xenon photoreactor fitted with a 300 W
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Xenon lamp. Typically, the experiments were conducted by dis-
persing 1 g L™" of the synthesized photocatalysts in separate
aqueous solutions of 10 ppm MBD and AMP, respectively. The
suspension was stirred for 30 min in the dark before being
exposed to light for establishing the adsorption-desorption
equilibrium between the catalyst and pollutant molecules.
Later, the photocatalysis reaction was initiated by irradiating
light and aliquots were collected regularly at fixed intervals. In
the case of MBD degradation, the photocatalyst was removed
from the aliquots via double centrifugation at 8000 rpm,
whereas for AC degradation, the aliquots underwent additional
filtration using a 0.22 um PTFE syringe filter following cen-
trifugation. The concentration variations of AC and its degra-
dation byproducts were analyzed with a high-performance
liquid chromatography system (HPLC-LC/MS, Agilent 6120
MSD), loaded with a UV-visible diode array detector. The sep-
aration was carried out using a C18 column, with detection set
at 243 nm. The mobile phase consisted of 75% acetonitrile
and 25% water, flowing at a rate of 0.1 mL min~" for a dur-
ation of 10 min.?® The concentration changes of both MBD
and AMP were also monitored with the help of a UV-visible
spectrophotometer. For ensuring reproducibility, all the experi-
ments were carried out in triplicate and the efficiency of the
photocatalyst was ascertained with the equation

c

Efficiency (%) = {COC_

}XlOO
0

where C, and C denote the initial and irradiation time-depen-
dent concentrations of the pollutants. Experimental details
pertaining to the visible-light driven photodegradation of MA
algal cells are presented in Text S2 (SI).

3. Results and discussion

3.1. Structural, chemical, and morphological
characterization

The crystal structure and phase composition of the synthesized
samples were analyzed using powder XRD. Phase identification
and structural analysis were performed using X’Pert HighScore
Plus software. The XRD pattern of the precipitate obtained
through the hydrolysis method is shown in Fig. S1 (SI).

The majority of the diffraction peaks of the precipitate pri-
marily correspond to the pure tetragonal phase of BiOBr
(JCPDS card # 73-2061), with some reflections matching
Bi,O)Br,. As illustrated in Fig. 1, the XRD pattern of BC2
formed by calcining the pre-synthesized precipitate at 200 °C
predominantly exhibited peaks associated with monoclinic
Biy403,Bry (JCPDS card # 75-0888) with a few peaks of tetra-
gonal BiOBr (JCPDS card # 73-2061). Notably, characteristic
peaks at 26 = 10.52° and 31.82°, corresponding to the (10—2)
and (11-7) planes of Bi,,03,Br;,, respectively, overlap with the
(001) and (012) planes of BiOBr, are representative of the
phase transition from BiOBr to Bi,O,Br,.

While the pre-synthesized precipitate was calcined at temp-
eratures of 350 °C, 400 °C and 500 °C, a progressive shift in

Nanoscale, 2026, 18, 3419-3432 | 3421


https://doi.org/10.1039/d5nr05038c

Published on 29 December 2025. Downloaded on 4/3/2026 5:06:13 AM.

Paper
>
=
@ JCPDS Data # 01-075-0888
(]
pr=]
E | ' I [SETH | W 1 1 VY
BiOBr JCPDS Data # 01-073-2061
II '.l ; . ."'I. e 4
10 20 30 40 50 60 70 80
20 (degree)
S| 3 [c]
Clegs v-“l §g 2 8¢
b l "‘u N e e Je
)
S | Biso;Br JCPDS Data # 00-038-0493
E
I N Lo

10 20 30 40 50 60 70 80
20 (degree)

View Article Online

Nanoscale

Intensity(a.u.)

JCPDS Data # 00-037-0701

Intensity(a.u.)

e e 11 | ! il T '} | .l al ' 1 T n T
10 20 30 40 50 60 70 80
20 (degree)

Fig. 1 XRD patterns of the synthesized photocatalysts: (a) BC2, (b) BC3, (c) BC4, and (d) BC5.

the XRD peaks toward lower angles is observed, indicating
phase transitions at every step leading to the formation of
Bi,O5Br,, BisO,Br and Bi;,04,Br,, respectively, due to bromine
loss.?® The XRD patterns of BC3 and BC4 obtained by calcin-
ing the precipitate at 350 °C and 400 °C correspond to mono-
clinic Bi,OsBr, (JCPDS card # 37-0699) and monoclinic
Bi;O,Br (JCPDS card # 38-0493), respectively, as shown in
Fig. 1b and c. Similarly, the XRD pattern of BC5 obtained after
calcining the precipitate at 500 °C indicated the transform-
ation of BiOBr into tetragonal phase Bi;,0;,Br, and perfectly
matched the standard XRD data of tetragonal Bi;,0,,Br,
(JCPDS card # 37-0701).

The average crystallite size and structural defects, including
dislocation density and microstrain, were determined from
XRD data using both the Scherrer equation and the
Williamson-Hall (W-H) plot (see Fig. S2), with the results
summarized in Table S1 (SI).*° It was observed that crystallite
sizes calculated using both methods were increased with
rising temperature,®' but a variation in crystallite size values
was observed between the two methods. This difference arises
because the Scherrer equation assumes isotropic spherical
crystallites and neglects strain, whereas the W-H method con-
siders both crystallite size and lattice strain contributions.
Samples with smaller crystallite sizes exhibited a higher
number of lattice defects, where bromine atoms at these
defect sites experienced increased energy, potentially acting as
nucleation centers for phase transitions at elevated tempera-
tures.>® These phase transformations typically occur through
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thermal decomposition, where bromine sublimation and evap-

oration lead to structural modifications, as described by the

following reactions:*>*

8BiOBr + 0, — 2Bi405Br2 + 2Br, (1)
5BiOBr + O, — BisO,Br + 2Br, (2)
24BiOBr + 50, — 2Bi12017Br2 + 10Br, (3)

To further investigate the surface composition and chemi-
cal states of the synthesized photocatalysts, XPS was con-
ducted. The survey spectra of BC2, BC3, BC4, and BC5 in
Fig. 2a confirm the presence of Bi, O, Br, and C, with a minor
C 1s peak at 284.8 eV, likely due to adventitious carbon con-
tamination.*® The high-resolution Bi 4f spectra in Fig. 2b show
peaks for Bi 4f;,, at approximately 164.38 eV, 164.08 eV, 163.98
eV, and 163.98 eV for BC2, BC3, BC4, and BC5, respectively.
The Bi 4f;, peaks at 159.02 eV, 158.78 eV, 158.68 eV, and
158.98 eV confirm the presence of Bi*" in all the synthesized
photocatalysts.

The O 1s spectra in Fig. 2c reveal peaks at 532.04, 530.58,
531.24, and 530.7 eV, which can be attributed to surface che-
misorbed hydroxyl (-OH) groups, while a peak at 529 eV
corresponds to lattice oxygen associated with Bi-O bonds. The
Br 3d spectra in Fig. 2d show Br 3ds,, peaks at 68.26, 68.19,
68.09, and 68.34 eV, along with Br 3d;,, peaks at 69.36, 69.32,
69.19, and 69.43 eV, confirming the presence of Br~ in the Bi-
O-Br framework of the Bi,O,Br, photocatalysts.**™’ Notably, a

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 XPS analysis of the BC2, BC3, BC4 and BC5 photocatalysts: (a) survey spectra, and deconvoluted spectra of (b) Bi 4f, (c) O 1s, and (d) Br 3d.

significant decrease in Br 3d peak intensity is observed for
BC5, indicating a deviation from the expected surface stoichio-
metry. This reduction is likely due to partial volatilization of
bromine during high-temperature calcination, which can gene-
rate bromine vacancies and related surface defects. Such
behaviour has been previously reported in thermally treated
bismuth oxyhalides, where elevated temperatures promote Br,
release.’® These findings suggest that high-temperature proces-
sing strongly influences the surface bromine environment in
BC5 (Bi;,04,Br,).

The morphologies of all the Bi,OyBr, photocatalysts
obtained after calcination at various temperatures were analyzed
using FESEM. Notably, the typical 2D plate-like morphology of
the BiOBr precipitate (Fig. S3a and b) was found to be intact
despite the calcination-led phase transformations into various
Bi,OyBr, photocatalysts. As observed from Fig. S3c and d, the
FESEM micrographs of BC2 formed at 200 °C reveal the 2D
nanoplates with an average thickness of <11 nm and loosely
agglomerated structures. Particles of BC3 with a 2D nanoplate
morphology formed at 350 °C displayed a non-uniform size dis-
tribution with varying thicknesses (Fig. S3e and S3f).
Nanoplates with an average thickness of ~13 nm were observed
from the FESEM micrographs (Fig. S3g and S3h) of BC4, indicat-
ing that increasing the calcination temperature to 400 °C
resulted in significant grain growth. As observed from Fig. 3, the

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 FESEM micrograph depicting the 2D nanoplate-like morphology
of the Bi;>01,Br, (BC5) photocatalyst.
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calcination at 500 °C resulted in the formation of BC5 nano-
plates having larger and smooth edges with an average thick-
ness of ~15 nm. The observed morphological transformations
align with previous studies indicating that crystallite size
increases with higher calcination temperatures.*
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The TEM micrograph of the BC5 photocatalyst presented in
Fig. 4a reveals well-defined 2D nanoplates with irregular stack-
ing, a feature also observed through FESEM. A magnified TEM
micrograph in Fig. 4b, captured from the area marked in
Fig. 4a, further highlights the nanoplate’s irregular shape. The
SAED pattern (inset of Fig. 4b) exhibits bright diffraction
spots, corresponding to the (0012) and (200) planes of tetra-
gonal Bi;,0;,Br,. The high-resolution TEM micrograph in
Fig. 4c displays lattice fringes with an interplanar spacing of
3.08 A, corresponding to the (117) plane of Bi;,O;,Br,, in
agreement with the XRD results. A dark field micrograph of
BC5 using the HAADF mode is shown in Fig. 4d, with the
corresponding elemental maps for Bi, Br, and O presented in
Fig. 4e, f and g, respectively. Notably, the intensity of Br
(Fig. 4f) in the elemental map appears to be significantly lower
compared to those of Bi and O. This disparity arises from the
stoichiometric composition of the BC5 (Bi;;O;;Br,) photo-
catalyst, where the bromine content is inherently lower relative
to bismuth and oxygen. Also, this further confirms the
bromine loss due to calcination at higher temperatures.

The BET surface area and pore characteristics of the syn-
thesized samples (BOB, BC2, BC3, BC4 and BC5) were deter-
mined from N, adsorption-desorption isotherms (Fig. S4). All
samples exhibited type IV isotherms with H3 hysteresis loops
(according to the BDDT classification), characteristic of slit-
like mesopores commonly associated with plate-like mor-
phologies.>” The corresponding surface area, pore diameter,
and pore volume are summarized in Table S5. A progressive
decrease in surface area with increasing calcination tempera-
ture was observed, attributable to enhanced crystallinity and
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particle agglomeration, in agreement with FESEM/TEM
observations.”®"! In contrast, the average pore diameter
increased with calcination, likely due to the coalescence or col-
lapse of smaller pores into larger mesopores during thermal
treatment. These mesostructural features are expected to facili-
tate improved mass transport and rapid diffusion of reactants
and intermediates, while also providing accessible surface-
active sites such as hydroxyl groups and adsorbed water
molecules.**** Such characteristics are beneficial for photo-
catalytic reactions, although surface area and porosity alone
may not fully explain activity trends and must be considered in
conjunction with crystallinity, morphology, and defect
chemistry.

3.2. Optical characterization

The optical properties and bandgap energy values of the syn-
thesized photocatalysts were analyzed using UV-vis DRS. The
phase transitions induced by calcination at different tempera-
tures had a notable impact on the optical characteristics of the
Bi, O, Br, photocatalysts, which in turn influenced their photo-
catalytic efficiency.*> Color photographs of the synthesized
photocatalysts, presented alongside their UV-vis DRS spectra
(Fig. 5), illustrate a visible color variation correlating with the
absorption edge shift. As shown in Fig. 5a, the absorption
edges for BC2, BC3, BC4, and BC5 are approximately 410 nm,
500 nm, 490 nm and 505 nm, respectively, indicating a pro-
gressive red shift. This shift corresponds to a gradual color
change from white to varying shades of yellow.

The bandgap energy (E;) was determined using the Tauc
plot method in conjunction with the Kubelka-Munk function,

Bi;,04/Br, (117)
d=3.08A

(200)

(0012)

Fig. 4 (a) TEM micrograph of Bi;»017Br, (BC5) showing its nanoplate-like morphology, (b) magnified TEM micrograph of an individual nanoplate
captured from the area marked in (a), (c) HRTEM micrograph of the top portion of the nanoplate shown in (b), (d) HAADF micrograph of Bi;»047Br,,
(e—g) elemental maps corresponding to Bi, Br, and O, respectively, and (h) composite elemental map illustrating the spatial distribution and inter-
action of Bi, Br and O. The inset in (b) presents the SAED pattern of Bi;,0,7Br,.
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Fig. 5 (a) Photographs of the as-synthesized Bi,O,Br, photocatalysts, (b) UV-vis diffuse reflectance spectra of the BC2, BC3, BC4, and BC5 photo-
catalysts, along with the corresponding Tauc plots for (c) BC2 and BC3 and (d) BC4 and BC5. The effective bandgaps of the photocatalysts are esti-
mated from the x-axis intercepts of the extrapolated dashed lines in the Tauc plots.

a well-established approach for indirect semiconductors such
as BiOBr.*® A plot of photon energy (hv) versus [AvF(R)]"* was
generated, and the E; values were estimated by extrapolating
the linear region of the graph to the x-axis, as shown in Fig. 5b
and c. A detailed explanation regarding the Tauc plot method
including the conversion of reflectance data using the
Kubelka-Munk function and the extrapolation procedure used
to determine Ey, is provided in Text S3 (SI).*® The calculated E,
values for BC2, BC3, BC4, and BC5 were 2.91, 2.49, 2.47, and
2.40 eV, respectively.

XRD analysis confirmed the increase in crystallite size with
higher calcination temperatures. This increase in crystallite
size was accompanied by a red shift in the absorption edge
and a reduction in E, values. Such behavior can be attributed
to quantum size effects in semiconductors, where larger crys-
tallite sizes typically result in decreased E,.'”*® The valence
band energy levels (Eyg) for BC2, BC3, BC4, and BC5 were esti-
mated using the equation Eyg = X — E. + 0.5E,, where X rep-
resents the absolute electronegativity of the material, and E. is
the energy of free electrons on the hydrogen scale (approxi-
mately 4.5 eV). The conduction band energy levels (Ecg) were
subsequently determined using Ecp = Evg — Eg, with the com-
puted values summarized in Table S2 (SI).*

Photoluminescence (PL) spectroscopy was employed to
investigate charge carrier dynamics and recombination behav-
ior in the synthesized photocatalysts.*® A strong PL signal gen-
erally indicates rapid exciton recombination, while a weaker
intensity suggests improved charge separation and reduced
recombination losses.’® Fig. 6 presents the PL emission
spectra of the photocatalysts, recorded within the 400-600 nm
wavelength range using an excitation wavelength of 350 nm.

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Photoluminescence spectra of the BC2, BC3, BC4, and BC5
photocatalysts.

All samples exhibited an emission peak near 470 nm. Notably,
the PL intensity decreased as the calcination temperature
increased, suggesting enhanced crystallinity and reduced
structural defects, which in turn minimized charge carrier
recombination.>® Among the synthesized photocatalysts, BC5
exhibited the weakest PL intensity, indicating superior charge
separation efficiency and an extended carrier lifetime. In con-
trast, BC2 displayed the highest PL intensity, suggesting a
higher rate of recombination.
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3.3. Visible light driven photodegradation of MB dye and
acetaminophen

The photocatalytic performance of the synthesized Bi,O,Br,
photocatalysts was first assessed by monitoring the degra-
dation of MBD (10 ppm) under visible light irradiation. The
corresponding UV-vis absorption spectra for BOB, BC2, BC3,
BC4, and BC5 are shown in Fig. S5(a-e). A gradual decrease in
the intensity of the characteristic MBD absorption peak at Ayax
= 665 nm reflects the progressive degradation of the dye. In the
dark, adsorption experiments revealed decreases in MBD
absorbance of 52%, 42%, 25%, 13% and 12% for BOB, BC2,
BC3, BC4, and BC5, respectively (Fig. S5a-f), indicating that
BOB had the highest adsorption capacity, followed by BC2.
Upon subsequent visible light irradiation (Fig. S5f), the degra-
dation efficiency exceeded 90% within 90 min for BOB, BC2
and BC5, whereas BC3 and BC4 showed comparatively lower
efficiencies of 72% and 76%. Although BC2 exhibited a higher
adsorption capacity than BC5, both catalysts achieved efficient
MBD degradation under illumination. Kinetic analysis
(Fig. S5g) revealed apparent reaction rate constants (k) of
0.0435 min~* for BC2 and 0.0244 min~" for BC5, demonstrat-
ing that BC2 promoted a reaction rate more than twice as fast
as BC5.

To further assess photocatalyst stability, the degradation of
10 ppm AMP was performed under identical conditions
(Fig. Sea-e). In this experiment, BOB showed relatively low
activity, whereas BC2 exhibited an unusual increase in absor-
bance during the reaction. Both BOB and BC2 underwent pro-
nounced photocorrosion, as evidenced by a distinct color
change of the suspension from white to black (Fig. S7). To
determine whether this photocorrosion was triggered specifi-
cally by AMP, additional photocatalytic tests were carried out
in CIP (ciprofloxacin) and in pure DI water (pollutant-free
control). Notably, similar color changes were observed in both

4
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CIP (Fig. S8a and b) and DI water (Fig. S8c and d), confirming
that the instability of BOB and BC2 arises from their intrinsic
susceptibility to photocorrosion rather than from any reducing
action of AMP. Post-reaction XRD analysis of BC2 (BC2AR,
Fig. S9a) revealed an additional peak at 26 = 33.49°, corres-
ponding to metallic Bi, consistent with Bi** — Bi° photoreduc-
tion.>®> Such photocorrosion - likely driven by structural
defects or incomplete phase transformation - renders BOB
and BC2 unsuitable for long-term photocatalytic use under
visible light.*® In contrast, the fully transformed Bi,OX,
phases (BC3, BC4, and BC5) exhibited no visible color change
after photocatalysis. To further confirm the structural stability,
post-photocatalytic XRD analysis was performed on BC3, BC4,
and BC5 following AMP degradation. As shown in Fig. S9(b-d),
the diffraction patterns of all three samples remained
unchanged, with no additional peaks corresponding to metal-
lic Bi® (typically observed near 26 ~ 27° and 33°). These results
demonstrate that the non-stoichiometric Bi-rich phases do not
undergo Bi** — Bi® photoreduction under visible-light
irradiation, confirming their superior structural and electronic
stability.'' Photodegradation plots (Fig. Sé6c-e) showed
minimal AMP adsorption (<10%) on BC3-BC5. Among them,
BC5 demonstrated the highest activity, achieving ~96% degra-
dation within 120 min under visible light (Fig. 7a). This
enhanced performance can be linked to XPS analysis, which
revealed a reduced Br 3d signal intensity after calcination. The
loss of bromine suggests volatilization at high temperatures,
creating Br-related surface vacancies that act as electron traps,
improve charge separation, and promote ROS generation. By
contrast, the lower efficiencies of BC3 and BC4 may arise from
their smaller crystallite size, which increases recombination
centers.’®>* A comparison of the photocatalytic activity of
Bi;,0,,Br, synthesized via methods other than calcination, as
reported in the literature and summarized in Table S4 (SI),
clearly indicates the superior performance of the present BC5

Irradiation time (min)

30 0 15 30 45 60 75 90 105120

0 20 40 60 80 100 120
Irradiation time (min)

Fig. 7 (a) Time-dependent photocatalytic degradation of 10 ppm AMP under visible light irradiation in the presence of the Bi4OsBr, (BC3), BisOBr;
(BC4), and Bi;»047Br, (BC5) photocatalysts, and (b) the corresponding pseudo-first-order kinetics plots. The rate constants determined from the

plots are provided in the inset.
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sample. Furthermore, a comparative analysis of the reported
Bi;,0,,Br,-based heterojunction photocatalysts prepared using
non-calcination routes (Table S4) demonstrates that the BC5
photocatalyst synthesized in this work via a cost-effective
approach exhibits competitive - and in several cases superior —
photocatalytic activity toward the degradation of emerging
organic pollutants. While many Bi-based photocatalysts are
typically synthesized via hydrothermal or multi-step fabrica-
tion strategies with greater complexity, the BC5 photocatalyst
prepared here through a simple precipitation-calcination
route offers a more practical and scalable alternative without
compromising degradation efficiency.’>°

A plot of In(Cy/C) versus irradiation time (Fig. 7b) shows a
linear fit, confirming pseudo-first-order kinetics for AMP degra-
dation. The rate constant (k) was the highest for BC5
(0.0261 min™"), far exceeding those of BC3 (0.0047 min~") and
BC4 (0.0045 min~"), indicating superior photocatalytic efficiency.
HPLC chromatograms (Fig. S10) further tracked AMP degradation
with BC5, showing a steady decline in the AMP peak at 5.49 min
(see Table S5) and the appearance of new peaks at 7-8 min,
attributed to degradation by-products.”” After 120 min, both AMP
and its intermediates showed markedly reduced intensities, con-
firming effective breakdown and mineralization.

To identify these by-products, LC-MS analysis was per-
formed. The observed m/z values allowed assignment of key
intermediates and proposal of degradation pathways (Fig. S12).
Hydroxyl radicals ("OH), identified as the dominant reactive
oxygen species from scavenger studies (Section 3.6), were the
principal oxidants, consistent with the literature.””*® LC-MS
spectra revealed protonated AMP at m/z 152 (Fig. Slla). In
Pathway I, 'OH attack produced p-aminophenol (m/z 108),
which oxidized to p-nitrophenol (m/z 139) and subsequently to
1,4-hydroquinone (m/z 110).>”°>%  Ppathway II involved
N-acetyl-p-benzoquinone imine (NAPQI, m/z 147), a known
toxic metabolite, which further oxidized to 1,4-
hydroquinone.>>*"** Pathway III included "OH attack at the
para-position, forming an N-(1,4-dihydroxyphenyl)acetamide
radical that degraded to 1,4-hydroquinone and acetamide.®
Across all pathways, 1,4-hydroquinone emerged as a central
intermediate, eventually oxidizing to benzoic acid (m/z 122,
Fig. S11d) and hexenoic acid (m/z 113), before complete miner-
alization into CO, and H,0.°* The new HPLC peak at 7-8 min
is thus assigned to benzoic acid.”” These findings highlight
BC5 as the most efficient photocatalyst among the series,
underscoring its potential for environmental remediation.

3.4. Photocatalytic degradation of algal cells and detailed
analysis

The BC5 photocatalyst, identified as the most efficient among
the synthesized samples, was used to evaluate its ability to
degrade MA under visible light irradiation. The photodegrada-
tion of the algal cells was analyzed through key biological
markers, including chlorophyll-a concentration, malondialde-
hyde (MDA) content, and electrolytic leakage (EL).
Chlorophyll-a is a crucial indicator of algal growth, as its con-
centration per unit volume reflects photosynthetic activity, cell
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density, and biomass accumulation.®® A reduction in chloro-
phyll-a levels signifies declining photosynthetic efficiency and
increased cellular stress.°® Therefore, photocatalytic degra-
dation under visible light was assessed by tracking chloro-
phyll-a concentrations through optical density measurements.

As shown in Fig. 8a, the BC5 photocatalyst significantly
reduced chlorophyll-a levels compared to the control sample.
After 120 min of visible light irradiation, the chlorophyll-a con-
centration decreased from 3.88 pg ml™* to 0.15 pg ml™, achiev-
ing an impressive degradation efficiency of 96% as shown in
Fig. 8b. Lipid peroxidation, induced by oxidative stress from
ROS such as hydroxyl radicals ("OH) and superoxide radicals
('0,7) generated during the photocatalysis, primarily affects
the algal cell membrane, leading to structural damage and
intracellular leakage.®®®”"®® The process is initiated by the
abstraction of hydrogen atoms from unsaturated phospholipid
chains, resulting in the formation of lipid hydroperoxides,
which subsequently degrade into MDA.®°

The extent of lipid peroxidation in MA subjected to photo-
catalysis in the presence of BC5 was assessed at different time
intervals (0 min, 60 min, and 120 min) and compared with a
control sample (Fig. 8c). Initially, the MDA concentration was
measured at 1.93 nmol ml™". Following the dark adsorption
phase with BC5, the MDA levels increased to 4.84 nmol ml™".
Notably, after 120 min of visible light exposure, the MDA con-
centration rose significantly to 9.68 nmol ml™". The progress-
ive rise in MDA levels suggests severe oxidative damage in MA
exposed to ROS.” This oxidative stress disrupts entire cellular
functions by altering membrane permeability, impairing ion
channels, and ultimately leading to membrane disintegration.
The sharp rise in MDA concentration confirms effective algal
cell degradation via photocatalysis. Additionally, the EL was
measured to assess stress tolerance in algal cells experiencing
membrane damage.”® As illustrated in Fig. 8d, the initial EL
percentage in MA before photocatalysis was 64%. However,
after 120 min of treatment under visible light in the presence
of BC5, the EL increased significantly to 88.87%. A continuous
rise in EL with increasing irradiation time further confirms
the ability of BC5 to disrupt algal cell membranes and facili-
tate degradation. A summary of chlorophyll-a concentration,
MDA content, and EL percentage values recorded during the
photodegradation of MA is provided in Table S6 (SI).

3.5. Validation of algal cell rupture through fluorescence
microscopy

The efficacy of BC5 in disrupting algal cells was further con-
firmed using epi-fluorescence microscopy,”! capturing struc-
tural variations in MA colonies over time, as illustrated in
Fig. 9. Bright-field and fluorescence images were taken at
different time intervals: 0 min (dark phase), 60 min, and
120 min using the aliquots of MA collected during the visible-
light-driven photodegradation with BC5 as the photocatalyst.
The fluorescence images in Fig. 9b show bright red fluo-
rescence, indicating the presence of intact, viable algal cells
with a high chlorophyll-a content. The bright-field microscopy
confirmed the characteristic spherical morphology of MA
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Fig. 8 Graphs illustrating variations in key biological markers during the visible-light-induced photodegradation of M. aeruginosa cells in the pres-
ence of BC5 as the photocatalyst: (a) changes in chlorophyll-a concentration, (b) the corresponding photodegradation rates based on chlorophyll-a

reduction, (c) lipid peroxidation levels, and (d) electrolytic leakage.

before exposure to the photocatalyst, which corresponded to
strong fluorescence intensity (Fig. 9a).

During the 30 min dark adsorption phase, no significant
morphological alterations were observed in the algal cells
(Fig. 9¢ and d), confirming that BC5 alone did not cause any
noticeable damage in the absence of light. However, after
60 min of visible light irradiation, minor structural changes
and reduced fluorescence intensity were observed (Fig. 9¢ and
f), suggesting a decline in chlorophyll-a concentration. By
120 min, the algal cells displayed evident rupture, with fluo-
rescence images revealing a shift in color from red to green
(Fig. 9g and h), indicating complete chlorophyll-a degradation.
These microscopic observations align with the chlorophyll
reduction trends discussed in the previous section. Moreover,
the chlorophyll-a content remained undetectable (0 mg ml™")
even after 5 days of incubation under optimal conditions
(details of algal cell regrowth experiments are provided in the
SI, S6). This confirms that the algal cells underwent complete
rupture due to BC5-induced photodegradation under visible
light, effectively preventing regrowth.

To further validate that the observed inactivation of algal
blooms is primarily due to photocatalytic activity, a control

3428 | Nanoscale, 2026, 18, 3419-3432

experiment was conducted by exposing Microcystis aeruginosa
algae-containing water to visible light in the absence of any
catalyst for 1 h. A minor visual change in color from dark to
light green was observed; however, quantitative analysis of
chlorophyll-a content based on optical density measurements
showed a slight increase from 0.302 pg mL™" to 0.318 ug mL™"
after 1 h of light exposure, indicating continued algal growth
under these conditions.

3.6. Role of reactive species through scavenger studies and
Mott-Schottky analysis

As noted in Section 3.3, BC2 exhibited comparable efficiency
to BC5 in degrading MBD; however, BC2 underwent photocor-
rosion during AMP degradation. This was evident from the
reaction solution turning black (see Fig. S7d), indicating the
reduction of Bi** to metallic Bi’ (see Fig. S9). The selective
degradation behavior can be attributed to the interaction
between the pollutants and the photocatalyst, particularly the
electron-donating groups in AMP, which can reduce the
unstable BiOBr phase in BC2. In contrast, BC3, BC4, and BC5
remained stable due to their non-stoichiometric Bi,O,Br,
composition.>*7”?
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Fig. 9 Microscopic examination of M. aeruginosa cells before and after
visible-light-induced photodegradation using BC5 as the photocatalyst.
Bright field images are shown in (a), (c), (e) and (g), while the corres-
ponding fluorescence images are in (b), (d), (f) and (h). The images rep-
resent control samples (a and b), post-dark phase samples (30 min of
stirring in the dark) at 0 min (c and d), samples following 60 min of
irradiation (e and f), and samples after 120 min of irradiation (g and h).

The role of different ROS in the degradation process was
further analyzed using scavenger studies. Specific scavengers,
including hydroquinone (HQ) for ‘O,”, ammonium oxalate
(AO) for h', potassium dichromate (K,Cr,0;) for e”, and iso-
propanol (IPA) for "OH, were added to AMP solutions before
reaction with BC5. As shown in Fig. S14, the presence of
K,Cr,0; significantly reduced the degradation efficiency of
BC5 from 96% to 15%, followed by IPA (34%), AO (61.3%), and
HQ (91.3%), indicating that e~ and "OH were the primary reac-
tive species in AMP degradation. The generation of ROS
depends on the band edge positions of the photocatalysts,
which were determined using Mott-Schottky analysis and Tauc
plot analysis. The estimated valence and conduction
band edge potentials of BC2, BC3, BC4, and BC5, calculated
using Kubelka-Munk theory, are presented in Table S3.
These values were experimentally validated through Mott-
Schottky analysis (Fig. 10a-d). The flat-band potentials were

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

referenced to pH = 7 and converted to the NHE scale
accordingly. Full experimental details, including the electrode
preparation and measurement conditions, are provided in Text
S4 (s1).”

The positive slopes in the Mott-Schottky (1/C* vs. potential)
plots confirm that all Bi,O,Br, samples exhibit n-type semicon-
ducting behavior. The flat-band potentials from these plots
were —0.39, —0.36, —0.38, and —0.32 V vs. Ag/AgCl for BC2,
BC3, BC4, and BC5, respectively. After converting to the
normal hydrogen electrode scale using the relation Expg =
Engagc1 + 0.198 V, the corresponding values are —0.19, —0.16,
—0.18, and —0.12 vs. NHE. Because the flat-band potential of
an n-type semiconductor lies approximately 0.1 V above the
conduction band (CB) edge, the estimated CB positions are
—0.29, —0.26, —0.28, and —0.22 V vs. NHE for BC2, BC3, BC4,
and BCS5, respectively. Using Evg = Ecp + Eq, the calculated VB
edge positions are 2.6, 2.22, 2.18, and 2.17 V for BC2-BC5. A
schematic summarizing these band positions is shown in
Fig. 10e.

These values indicate that the CB of BC5 (—0.22 V vs. NHE)
is insufficiently negative to reduce O, to "0, (0,/"0,” = —0.33
V vs. NHE),"" whereas its VB (2.17 V) is strongly positive
enough to oxidize surface OH™ to 'OH (OH™/'OH = 1.99 V,
H,O/'OH = 2.27 V vs. NHE).”* Thus, BC5 predominantly gener-
ates e~ and "'OH as the major reactive species, while the "O,~
formation is thermodynamically limited. This is fully consist-
ent with the results of AMP scavenger studies (Fig. S14), which
identified e~ and "OH as the dominant ROS and showed only a
minor contribution from "O,".

For MBD degradation, BC2 exhibits higher photocatalytic
efficiency than BC5, attributable to its significantly more posi-
tive VB (2.60 V). This VB position is well above the potential
required to generate ‘OH from both OH™ and H,O, enabling
BC2 to produce a higher density of oxidative ‘OH radicals.
Because MBD possesses a conjugated chromophore highly sus-
ceptible to "OH and ‘O, -driven oxidative cleavage, the
enhanced "OH generation capability of BC2 results in superior
degradation performance. The scavenger experiments
(Fig. S13) corroborate this: addition of IPA ("OH scavenger)
suppressed the MBD degradation by 95% for BC2 and 84% for
BC5, confirming that "OH is the primary oxidant in both cases.
For MA degradation using BC5, ROS quenching decreased the
efficiency from 96% to 59% ("OH scavenger), 62% (e~ scaven-
ger), 63% (h" scavenger), and 71% ("0, scavenger) (Fig. S15).
These results again indicate the predominance of "OH, with
secondary contributions from e~ and h". Overall, these band-
structure and scavenger analyses demonstrate that "OH rad-
icals are the primary ROS driving both MBD and MA degra-
dation, whereas e~ (with supporting "OH) dominates AMP
degradation when BC5 is employed as the photocatalyst.
Although electron paramagnetic resonance (EPR) spectroscopy
is the most direct and definitive technique for identifying
short-lived ROS, we were unable to perform EPR analysis for
the present work. Nevertheless, we have additionally con-
firmed the molecular fingerprint of ‘OH during AMP degra-
dation from LC-MS data as discussed in Text S8 (SI).
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Fig. 10 Mott—Schottky plots for (a) BC2, (b) BC3, (c) BC4, and (d) BCS5, illustrating their flat band potentials. (e) A schematic representation of the
conduction and valence band positions of the synthesized Bi,O,Br, photocatalysts relative to the standard hydrogen electrode potential, as deter-

mined from the Mott—Schottky analysis.

3.7. Correlation of phase transformation, defect chemistry,
and photocatalytic activity

The progressive phase transformations observed in the
Bi,O,Br, series upon calcination play a decisive role in deter-
mining the photocatalytic activity, as each phase possesses a
distinct electronic configuration, defect density, and a halide
coordination environment that collectively govern charge sep-
aration and ROS formation. The low-temperature phases
(Biy4034Bry and Bi OsBr,) retain a relatively high Br content
and exhibit limited oxygen-vacancy formation, resulting in
wider bandgaps and less efficient visible-light harvesting. As
the calcination temperature increases, the transformation into
Bis;O,Br introduces a higher concentration of lattice oxygen
defects, which serve as shallow donor states enhancing charge
carrier mobility; however, the layered configuration still
restricts interlayer charge transport. Further calcination yields
highly oxygen-deficient Bi,,0,,Br, (BC5), whose mixed-valence
Bi-O framework and reduced Br content synergistically
promote stronger internal electric fields and improved orbital
hybridization between Bi 6s, O 2p, and Br 4p states. These fea-
tures markedly enhance spatial charge separation and extend
the lifetime of photogenerated electrons and holes. The atte-
nuated Br 3d signal observed in XPS for BC5 is consistent with
partial Br volatilization and concomitant formation of oxygen
vacancies, which serve as active sites for O, adsorption and its
subsequent reduction to ‘O, , while also facilitating hole-
mediated ‘'OH generation. These structural-electronic attri-
butes explain why BC5 exhibits the highest rates of MB, aceta-
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minophen, and algal cell degradation: the enhanced vacancy-
mediated activation of molecular oxygen and the more favor-
able band-edge positions of Bi;,0;;Br, collectively maximize
ROS production under visible light. Thus, the superior photo-
catalytic ability of BC5 directly arises from the thermally driven
evolution of phase composition, vacancy concentration, and
electronic structure across the Bi,OyBr; series.

4. Conclusion

A series of bismuth-rich bismuth oxybromide photocatalysts
were synthesized by chemical precipitation followed by con-
trolled calcination. The calcination temperature governed the
phase evolution from BiOBr through Bi,;O3;Bry, BisOsBr,,
Bi5O,Br, and Bi;,04,Br,, as confirmed by XRD, XPS, FESEM,
and TEM. This phase evolution correlates strongly with photo-
catalytic activity, underscoring the central role of structural trans-
formations in tuning the performance. These materials display a
distinctive 2D nanoplate morphology. Among the series,
Bi;,0;,Br, (BC5) showed the highest activity under visible-light
irradiation for acetaminophen degradation, consistent with
HPLC/LC-MS analysis. Its superior performance is attributed to
high crystallinity and bromine-vacancy defects generated upon
calcination - evidenced by the decreased Br 3d XPS signal -
which together optimize the band structure, promote charge sep-
aration, and enhance ROS formation. Scavenger studies indicate
that electrons and hydroxyl radicals are the primary oxidants in
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acetaminophen degradation. BC5 also exhibited excellent per-
formance against Microcystis aeruginosa algal cells, achieving over
96% degradation within 120 min, confirmed through decreased
chlorophyll-a content, increased malondialdehyde, and elevated
electrolyte leakage, indicating irreversible cell rupture. Scavenger
studies identified hydroxyl radicals as the dominant species for
algal cell degradation, followed by electrons, holes, and super-
oxide. No chlorophyll-a was detected (0 mg mL™") after five days
of incubation, confirming the absence of regrowth. Overall, this
work shows that calcination-driven phase transformation in
bismuth-rich oxybromides suppresses photocorrosion, improves
charge-carrier dynamics, and delivers durable, high-efficiency
photocatalysis. The outstanding performance of BC5 toward both
organic pollutants and algal cells highlights its promise for
environmental remediation.
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