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Facet-dependent photocatalytic activities of BiOBr
explored through pattern illumination time-
resolved phase microscopy
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This study presents a detailed investigation into the photocatalytic properties of facet-engineered bismuth
oxybromide (BiOBr) using the pattern illumination time-resolved phase microscopy (PI-PM) technique.
BiOBr, recognized for its excellent visible-light photocatalytic capabilities, was synthesized with
controlled facet exposure to enhance its reactivity and efficiency in degrading organic pollutants. The
experimental focus was on assessing the facet-dependent behavior of photo-excited charge carriers
within BiOBr under various scavenger conditions. The PI-PM method allowed for the direct imaging of
dynamic charge carrier processes at the microscale, offering information on the active charge carrier
types (electrons and holes) on the photocatalyst surface. Detailed analyses when exposed to scavengers
revealed distinct behaviors across different facets (001, 010, and 102). Key findings include the
identification of dominant charge carriers responsible for the enhanced photocatalytic activity of
different facets. For instance, the (010) facet showed a pronounced reactivity of holes, whereas the (102)
facet was predominantly active via electron-mediated processes. This facet-specific activity underlines
the importance of surface properties in optimizing photocatalytic efficiency. Through the application of
PI-PM, this research not only provides a deeper understanding of the mechanistic pathways in
photocatalysis but also demonstrates the critical role of surface facets in determining the overall
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Introduction

In recent years, the escalating concerns surrounding environ-
mental pollution have driven the scientific community to
explore innovative and efficient methods for the remediation of
contaminated ecosystems. Among the various strategies devel-
oped, photocatalytic materials have emerged as a promising
avenue for the decomposition of contaminant molecules.
Leveraging the power of light, these materials initiate chemical
reactions that break down pollutants into less harmful
substances, offering a green and sustainable approach to envi-
ronmental cleanup.

Among plenty of materials explored for photocatalytic
applications, titanium dioxide (TiO,) stands out as a standard,
owing to its remarkable efficiency, stability, and environmental
benignity. As a semiconductor, TiO, harnesses ultraviolet light
to generate electron-hole pairs, which then initiate oxidative
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performance of BiOBr as a photocatalyst.

and reductive reactions capable of breaking down a wide variety
of contaminant molecules into less harmful constituents. This
photocatalytic ability of TiO, has been extensively applied in air
and water purification, self-cleaning surfaces, and even in the
degradation of complex organic pollutants,” and a mechanistic
study has been performed.® The versatility of TiO,, coupled with
its non-toxicity and abundance, underscores its pivotal role in
advancing photocatalytic technology towards sustainable envi-
ronmental remediation.

In the quest for efficient photocatalytic materials that oper-
ate under visible light, bismuth-based semiconductors have
attracted significant attention, particularly for their unique
electronic structures and favorable light absorption properties.
Among these, bismuth vanadate (BiVO,) emerges as a standout
candidate, distinguished by its ability to harness visible light for
the activation of photocatalytic processes.*® Compared with
typical metal oxide materials, its valence band is mixed with 6s
of bismuth and 2p of oxide, shifting the valence band upward.®
This capability is crucial for environmental applications where
sunlight is the primary energy source. BiVO, and other
bismuth-incorporated materials demonstrate remarkable
proficiency in degrading organic pollutants and in water split-
ting applications, showcasing their potential as versatile and
effective photocatalysts for environmental remediation. Besides
BivO,, BiOX (X = Cl, Br, I) materials stand out in the realm of

This journal is © The Royal Society of Chemistry 2026
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photocatalysts due to their unique properties and advantages.
These materials exhibit superior photocatalytic properties,
enabling the degradation of organic dyes and hazardous gases
and even enabling sterilization and hydrogen photoelectrolysis,
exceeding the ability of the standard TiO, photocatalyst, P25.
Their superior performance can be attributed to their suitable
band gap and well-dispersed valence band, which make them
highly responsive to visible light.”® In recent years, the facet-
selective synthesis for BiOX could further improve the photo-
catalytic activity.'>"

To understand the photocatalytic activity, not only the
reaction rate or yield, but also the reaction sources and photo-
excited electron and hole dynamics are important because they
are the origin of the reactions, although the following reactions
include various active oxygen species, such as hydroxyl radicals,
superoxide anions, etc.*> We have developed a new measure-
ment technique, called pattern illumination time-resolved
phase microscopy (PI-PM), to study the reaction dynamics of
photocatalytic and photovoltaic materials. In this technique,*
we are able to directly image the sample surface with high time
resolution via the refractive index change due to the photog-
enerated charge carriers. The subtle image change can be
recovered by informatics calculations and categorized accord-
ing to different types of carrier dynamics. This method enables
the observation of photo-excited charge carrier dynamics
through changes in the refractive index, rather than through
alterations in transient absorption or photoluminescence.***
Observing changes in the refractive index is particularly
advantageous for examining non-radiative relaxation processes,
involved in processes such as charge diffusion, entrapment in
defect/surface states, and interfacial charge transfer."”-* In this
way, the location-dependent carrier behavior on a surface can
be mapped. This method could distinguish the reactive elec-
trons and holes for TiO,, hematite, and other photocatalytic
photovoltaic materials*** and also the active sites of co-
catalysts based on the charge carrier behavior.>*** For the
assignment of the charge carriers, the charge carrier type map
was used and compared with and without scavengers, clarifying
the reactivity of electrons and holes at each location.”® The
reaction sites for electrons and holes are spatially separated on
the micron scale, which was unexpected because the typical
sizes of photocatalytic materials were tens or hundreds of
nanometers.

In this study, a BiOBr photocatalyst was synthesized by facet
engineering to study its promising photocatalytic activities for
the decomposition of organic molecules, and the dominant
charge carriers for the photocatalytic degradation reactions
were confirmed. The origin of the carrier behavior was investi-
gated by the PI-PM method to clarify how the reactive carriers
are distributed on each facet.

Methods

Pattern-illumination time-resolved phase microscopy

Previous studies have laid the groundwork for understanding
the PI-PM technique,*?** and the principle, methods, features
and applications are summarized in our recent review paper.*
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Briefly, this is a time-resolved pump-probe microscopy method
where the pump and probe light are collimated to illuminate
the sample surface with a diameter of ~0.5 mm and the pump-
induced change (photo-excitation of charge carriers) is observed
via a phase-contrast microscope, namely a refractive index
change by adjusting a slightly modified focus point.>” Both the
pump and probe lights are pulsed lights with a pulse width of
a few nanoseconds, and the time-resolved image can be ob-
tained by controlling the timing of the two pulses. An arbitrary
pump light pattern is used to photoexcited charge carriers
within the sample. These carriers are then subjected to
processes such as charge trapping, recombination, and trans-
fer, leading to their generation and temporal decay. The spatial
distribution of the photoexcited charge carriers is visualized
through refractive index changes, captured using the phase
contrast imaging. There are several key points to this method:
the noisy image due to pulse-light imaging is recovered by
mathematical and statistical calculations called “total-variation
regularization”; the carriers trapped at the surface/defect states
are efficiently observed by refractive index detection, which are
not observed directly by transient absorption or time-resolved
photoluminescence; different types of carriers on a surface are
distinguished by the sign of the refractive index change and the
distribution change due to scavengers (electrons/holes).

The setup employs a digital micro-mirror device (DMD) to
project a distinct light pattern onto a sample, stimulating the
generation of charge carriers within the material. As time
progresses, these photo-induced charge carriers experience
various decay mechanisms, such as trapping, recombination,
and transport, which alter the refractive index of the sample.””*®
The images obtained under pulse-light illumination have large
inhomogeneous fluctuation in intensity, and the image
sequence was processed using three-dimensional total variation
regularization (x, y, and time) to enhance the signal-to-noise
ratio (S/N), while preserving the structural integrity of the
images. During this process, the image contrast under pump
light illumination/non-illumination is necessary, and thus
pattern illumination is necessary for this purpose.* The PI-PM's
optical setup can be found in Fig. S1 in the SI. For our experi-
mental procedures, we utilized a striped light pattern as the
pump light, uniformly spaced horizontally across the sample
and focusing analysis on the sensor's central area. The striped
pattern had dimensions of 14.1 and 93.9 um, with the total
image size being 480.8 x 93.9 um, corresponding to a resolu-
tion of 1024 x 200 pixels and a pixel width of 469 nm. The pump
light originated from the third harmonic of a Nd:YAG pulse
laser (3 ns pulse width, 355 nm wavelength) provided by a GAIA,
Rayture Systems, while the probe light came from the second
harmonic of another Nd:YAG pulse laser (3 ns pulse width,
532 nm wavelength). The diameter of the area irradiated by the
pump pulse was 0.5 mm. The pump light intensity was 0.8 m]
per pulse, and the probe light intensity was 0.02 m] per pulse,
respectively. The microscopy technique achieved an optical
resolution between 2 and 3 um. The repetition of the pump
pulse light was 0.5 Hz, and the signal is fully recovered after
each pump pulse is irradiated.

Sustainable Energy Fuels, 2026, 10, 322-333 | 323
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The bandgap energy of BiOBr is higher than the probe
energy, as shown in Fig. S2, but the transient absorption
responses can be included in the image. But the amplitude of
the transient absorption response was much weaker than the
refractive index change in this case, which can be confirmed by
adjusting the sample position at the focal plane. The refractive
index change is enhanced by adjusting the focus position
slightly away from the focal plane, while the transient absorp-
tion response does not change. Under our microscopic setup,
the transient absorption response was not detected.

Clustering analysis

In the PI-PM method, the classification of the charge carrier
types on a surface is indicated by clustering analysis.”® In the
study, specific areas within the 20 x 32 um pump-light illumi-
nated region were selected for detailed examination of the
samples. The PI-PM technique was used to acquire time-varying
signals at each pixel within this designated area, consisting of
>10 000 response curves at each local position in the images.
Each response corresponds to 100-200 signal intensities
ranging from nanoseconds to milliseconds. These response
curves were then analyzed and grouped by the clustering anal-
ysis. In general, cluster analysis refers to a family of multivariate
statistical techniques used to group data points into categories
(clusters) based on their degree of similarity, without pre-
defined labels. In our case, each time-resolved PI-PM signal
(represented as a numerical vector of 100-200 intensities over
time) was grouped according to similarity using spectral clus-
tering, which identifies natural groupings in the data by
analyzing the eigen structure of a similarity matrix. This
enabled us to classify >10000 local responses into distinct
categories that reflect different types of carrier dynamics.
Outliers were then removed by manual inspection, and the
categorized results were mapped back onto the optical image to
visualize the spatial distribution of the charge-carrier
responses. Following this classification, a map showing the
positions of the categorized responses on an optical image was
created, allowing the spatial distribution of the different types
of responses to be visualized, corresponding to different types
of “charge carriers”.

Sign of refractive index change

For most materials, a probe wavelength of 532 nm is longer than
the absorption edge of the band gap. In such cases, the
contribution of the refractive index due to optical transitions is
minimal. The PI-PM method, however, can often detect trapped
charge carriers at the interface through changes in the refractive
index. This phenomenon is attributed to the accumulation of
charges at the interface, which generates a localized electric
field, Ejocar- If the surface charge density is o, the electric field
near the interface is given by

1)

Elocal = 3
Eréo

where ¢ is the surface charge density, ¢, is the relative permit-
tivity of the material, and ¢, is the permittivity of free space. The
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direction of Ejoca depends on the type of charge: ¢ > 0 for holes
and ¢ < 0 for electrons. This local electric field modifies the
material's permittivity (¢) through the electro-optic relationship.

Ae = 7€r2rE10cala (2)

where r is the Pockels coefficient. For holes, the permittivity
increases, whereas for electrons, it decreases. The ¢,> term arises
due to the polarization response and the reduction of the local
field within the dielectric medium. This effect can be under-
stood as follows: electrons attract the electric field (causing the
field to point toward the interface), leading to a reduction in
permittivity and a phase advance of the electromagnetic wave,
while holes have the opposite effect.

It is important to note that the Pockels effect here does not
depend on the absence of centrosymmetry like in the bulk
crystal structure. Instead, photoexcitation generates localized
charges (electrons or holes) that accumulate at specific sites
such as interfaces, grain boundaries, or defects. These localized
charges break the symmetry in their immediate vicinity, even if
the bulk material remains centrosymmetric.

The phase change caused by the refractive index modifica-
tion (An) is theoretically described as

An= EPe (3)
This relation comes from the relationship of (n + An) = (e + Ae)*
when An and Ae¢ are small. This relationship indicates that the
refractive index change caused by photo-excited electrons and
holes has opposite signs within the same material environment.
This distinction is valuable for identifying the type of charge
carrier: if one response is attributed to electrons, the response
with the opposite sign can be confidently assigned to holes, and
vice versa.

Measurement cell

A glass substrate holding a film sample was sandwiched with
another glass substrate, separated by a 0.5 mm thick rubber
spacer to form a liquid layer over the film. The gap was filled
with acetonitrile (ACN), ethanol (EtOH), and a mixture con-
taining 0.1 mM nitrobenzene (NB) in EtOH. ACN was selected
for its role as an inert liquid, noted for its inability to facilitate
charge transfer from the photocatalytic materials to the liquid.
On the other hand, EtOH served to scavenge holes, and the NB/
EtOH solution acted as a scavenger for both electrons and holes.
In environments for hole scavenging (using ethanol), NB was
observed to convert into nitrosobenzene through the reduction
reaction.* Identifying a perfect scavenger specifically for elec-
trons under pulse-light conditions was found to be complex.
Typical electron scavengers, like Ag*, would experience photo-
reduction, resulting in nanoparticle formation on the
substrates and affecting the signal's accuracy. Similarly, Fe**
was deemed inappropriate as a scavenger due to its colored
properties that absorb the pump light. This is the reason why
the typical scavengers are not used in the study using the PI-PM
method.

This journal is © The Royal Society of Chemistry 2026
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Preparation of samples

Preparation of BiOBr-(001), (010) and (102) nanosheets. All
BiOBr nanosheets were synthesized through a hydrothermal
reaction within a 100 mL polytetrafluoroethylene autoclave. The
exposed facets of the nanosheets were manipulated by varying
the composition of the precursor solution and the reaction
conditions. Specifically, for the fabrication of BiOBr-(001), (010),
and (102) nanosheets, the following precursor solutions and
reaction conditions were employed, respectively. BiOBr-(001)
nanosheets were fabricated using Bi(NOj3);-5H,0 (0.485 ) and
cetyltrimethylammonium bromide (CTAB) (0.8 g) dissolved in
20 mL of deionized water and 1 mL of ethanol, and the reaction
was conducted at 180 °C for 24 hours. BiOBr-(010) nanosheets
were fabricated using Bi(NO3);-5H,0 (1.94 g) and NaBr (0.412 g)
dissolved in 60 mL of distilled water with the pH adjusted to 6.0
using 1 M NaOH, and the reaction was conducted at 160 °C for
24 hours. BiOBr-(102) nanosheets were fabricated using
Bi(NO3);-5H,0 (1.954 g) and KBr (0.476 g) dissolved in 80 mL of
deionized water and 4 mL of ethanol, and the reaction was
carried out at 180 °C for 24 hours. Following synthesis, the
resulting particles were collected by centrifugation, rinsed with
deionized water, and subsequently dried.

For PI-PM measurements, BiOBr particles were immobilized
on a glass substrate by binding the particles to a glass substrate
with heat treatment. Briefly, 1 mg of particles was dispersed in
isopropanol (100 pL) by sonication. The suspension was then
added dropwise onto a glass substrate (2 x 2 c¢cm) and dried
naturally in air. The particle/glass sample was annealed at 200 °©
C for 1 h under a flow of N, (200 mL min~"). For both average
and local response measurements, a sample film on a substrate
was sandwiched between another piece of glass substrate with
a 0.5 mm rubber spacer.

The photocatalytic degradation of glyphosate by BiOBr
particles was conducted under visible light irradiation. Glyph-
osate is a widely used herbicide that controls broadleaf weeds
and grasses. There is a concern that extensive glyphosate use
has resulted in increasing residues in soil and waterways,
indirectly exerting harmful side effects. The light resource was
a 350 W Xe lamp with an ultraviolet cutoff filter (CEL-HXF 300-
T3 CEL-HXUV300-T3, Beijing China Education Au-light Co., Ltd,
A > 420 nm, light intensity = 100 mW em™>). All photocatalytic
tests were conducted at 5 °C in a cylindrical reactor with
a radius of 15 cm and a height of 9.5 cm. Typically, during the
photocatalytic degradation experiments, the photocatalyst (25
mg) was dispersed in 100 mL of glyphosate solution
(10 mg L™"). The suspension solution was kept in the dark for
120 min to ensure that the glyphosate molecules were suffi-
ciently adsorbed on the photocatalyst. During the degradation
reaction, 3 mL of suspension was sampled and then filtered
with a 0.22 pum membrane. The products in the solution were
analyzed using an Alliance 1260 high performance liquid
chromatograph (HPLC) equipped with a UV-vis diode array
detector using a reverse-phase C18 column (2.6 pm, 100 X 4.6
mm, Phenomenex, Los Angeles, USA). The UPLC mobile phase
contained solvent A (pH = 11, 0.4 mol L' phosphate buffer
solution) and solvent B (100% methanol) and the injection

This journal is © The Royal Society of Chemistry 2026
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volume was 10 pL and the flow rate was 1.0 mL min~ . In the
controlled experiments (scavenger effect) of photocatalytic
degradation, isopropanol (IPA, 10 mL), methanol (MeOH, 10
mL), and K,Cr,05 (0.5 mM) were used as quenchers for hydroxyl
radicals ("OH), photo-excited holes (h"), and electrons (e7),
respectively.

Results
Material characterization

The crystal structure and exposed surface facets of the BiOBr
nanosheets were initially characterized using X-ray diffraction
(XRD). As shown in Fig. 1, all three variants display diffraction
patterns typical of tetragonal BiOBr. However, significant vari-
ations in the intensity of specific peaks were observed. The
BiOBr-(001) sample shows prominently enhanced signals at the
(001), (002), and (004) planes, signifying that the (001) facet is
predominantly exposed. In contrast, BiOBr-(010) and BiOBr-
(102) samples exhibit stronger diffraction from the (102), (110),
and (200) planes, along with a notably reduced (002)/(200) peak
ratio, suggesting diminished (001) surface contribution and
increased expression of lateral or stepped crystal facets.
Morphological analysis via scanning electron microscopy
(SEM; Fig. 2) revealed consistently uniform, sheet-like nano-
structures across all three samples. Further evidence of facet
orientation was obtained through high-resolution transmission
electron microscopy (HRTEM) coupled with selected-area elec-
tron diffraction (SAED) as shown in Fig. 3. For BiOBr-(001),
lattice fringes with a spacing of 0.277 nm—corresponding to the
(110) plane—were identified (Fig. 3b), and the associated SAED
pattern featured an interplanar angle of 45° between the (110)
and (200) planes (Fig. 3c), aligning with crystallographic
expectations. In the BiOBr-(010) sample, the measured lattice
spacings of 0.405 nm and 0.282 nm corresponded to the (002)
and (102) planes, respectively (Fig. 3e), with the SAED pattern

3
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jl L | |y JU/\JM PEP
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Fig. 1 XRD patterns for BiOBr with dominant facets: (001), (010) and
(102).
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Fig. 2 SEM images of BiOBr with dominant facets: (a) (001), (b) (010) and (c) (102).

showing diffraction from the (102) and (004) planes separated
by 45.9° (Fig. 3f). For BiOBr-(102), an additional lattice spacing
of 0.173 nm was attributed to the (211) plane (Fig. 3h), and the
corresponding SAED pattern displayed a ~35° angle between
diffraction spots (Fig. 3i), further confirming the dominance of
the (102) facet.

We acknowledge that the photocatalytic activity of BiOBr
nanosheets is affected not only by the dominant basal facets but
also by the nature of the co-exposed edge facets, which can
affect charge separation and surface reactivity.**-** In this study,
for the sake of clarity and to facilitate discussion, we have
referred to the samples based on their predominant exposed
facets, without explicitly detailing the accompanying edge
facets.

Degradation reactions and the scavenger effects

To clarify the active species in photocatalytic degradation, the
scavenger effects were studied using the glyphosate degradation
reaction. The results are shown in Fig. 4. The degradation
ratios, C;/Co,, were compared under different conditions.
Without scavengers, the reaction efficiency was highest for the
(102) facet, followed by the (010) and (001) facets. With respect
to the (001) facet, the electron scavenger showed no effect, and
the OH radical and hole scavenger reduced the reaction ratio,
indicating that the active species are holes and OH radicals
generated in the process of water oxidation by holes. The results
were similar to those of the (010) facet, but the main active
species was holes. The overall reaction ratios were larger for the
(010) facet compared to the (001) facet. In contrast, the reaction

=t
du02=0.4_q5 nm =

X

. dw=02827m

Fig. 3 HRTEM images and corresponding selected-area electron diffraction patterns of (a—c) BiOBr-(001), (d—f) BiOBr-(010) and (g—i) BiOBr-

(102).
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Fig. 4 The glyphosate degradation study of BiOBr with different facets: (a) (001), (b) (010), and (c) (102), respectively. The scavenger reagents
were added at time zero. Isopropanol, methanol, and K>Cr,O; are used as scavengers for OH radicals, holes, electrons, and superoxide anions,

respectively.

ratios were not affected by the hole or OH radical scavengers in
the case of the (102) facet, and the electron scavenger greatly
reduced the reaction ratio. This indicates that the active species
for the (102) facet were photogenerated electrons. In general,
electrons can be used for generating superoxide anions (O,
radicals), which have oxidation ability.> On the other hand,
a pathway of direct reduction reactions is also known in some
chemical species.*®

PI-PM image sequences and time responses

To clarify the carrier behavior on each faceted surface, we
measured each sample by the PI-PM method in contact with
different liquids (inert (ACN), hole scavenger (EtOH), and
electron/hole scavenger (NB/EtOH)). Fig. 5a-c show a time
sequence of the images due to the refractive index change after
pulsed pump irradiation for the (001), (010) and (102) faceted
samples until 1000 ps, observed by the PI-PM method in
acetonitrile (ACN). ACN works as an inert solvent, which
prohibits interfacial charge transfer to the solvent, and Fig. S3
and S4 correspond to those in EtOH and NB/EtOH. The overall

This journal is © The Royal Society of Chemistry 2026

contrast of the excitation region became stronger until a few
hundred nanoseconds, and it gradually decayed over a few tens
of microseconds.

The average responses in the whole region were calculated by
averaging the image intensities at all the pixels in the light-
irradiated regions. The results for different facets and
different scavenger solutions are shown in Fig. S5. In all the
facets, the responses showed rise-and-decay responses with
time constants of a few tens of nanoseconds for the rise and
several microseconds for the decay for ACN and EtOH, and the
signal intensities were smaller in EtOH, compared with those in
ACN. In NB/EtOH, the response intensities became further
smaller and both the rise and decay responses were delayed. In
EtOH, the hole responses were scavenged; and, as a result, the
signal intensities became smaller. In NB/EtOH, the number of
charge carriers was reduced; as a result, the recombination
became slower in general. In the previous papers,'”?® particulate
films often showed a response with a rising response on the
order of nanoseconds in the refractive index change, followed
by a decay on the order of microseconds. The rising response on

Sustainable Energy Fuels, 2026, 10, 322-333 | 327


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5se01070e

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 13 November 2025. Downloaded on 6/15/2026 8:32:12 AM.

[{ec

Sustainable Energy & Fuels

(@)

10 ns

@

(b)

140 um

Region 1

View Article Online

Paper

(b)
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Region 2

Fig.5 The time-resolved image sequences of the refractive index changes under UV pump irradiation are shown for BiOBr with facets: (a) (001),
(b) (010), and (c) (102) obtained by the time-resolved pattern-illumination phase microscopy (PI-PM) method in ACN. The light intensity patterns
of the pump light are shown at the bottom of each image sequence (black rectangle: illuminated region), and the selected regions for the
clustering analysis are indicated in red squares. (d) The expanded original optical image of the samples corresponding to the selected regions for

(a—c) samples.

the order of nanoseconds was assigned due to the charge carrier
trapping to the surface states, and the following decay corre-
sponds to the recombination of charge carriers. Free carriers are
first excited, which is often observed in the transient absorption
response, typically in picoseconds to nanoseconds. However,
the responses observed in the PI-PM method, via the refractive

328 | Sustainable Energy Fuels, 2026, 10, 322-333

index change, increased the signal intensity on the order of tens
to hundreds of nanoseconds, indicating that the charge carriers
observed via the refractive index change are different from those
observed by the transient absorption method. We found that
this rising response is well explained by a model in which
carrier diffusion accompanies trapping,* and is dominated by

This journal is © The Royal Society of Chemistry 2026
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the dynamic equilibrium between trapping and detrapping
during diffusion, depending on the depth of the trap states.*
The origin of the refractive index change at the interface is
explained by the optical phase modulation by an increase/
decrease of the electric field due to the accumulation of trap-
ped carriers, as explained in the theory section. Still, the
detailed processes are not clear from the average response, and
we performed the clustering analysis in local regions for
different scavenger solvents.

Two regions were analyzed by clustering for different faceted
samples. (The regions are indicated in Fig. 5, S3 and S4 at the
bottom.) One of the results for the (001) facet in region 1 is
shown in Fig. 6. (The other region (region 2) is shown in Fig. S6
in the SI.) The results are shown as: (a) the image sequence of
the analyzed region, (b) the category map of the different charge
carriers, (c) the average charge carrier responses for each cate-
gory, and (d) the time constants for each response. In ACN, we
could find two categories of responses: rise-and-decay
responses with the rise and decay time constants of 11 &+ 1 ns
and 2.0 £ 0.2 ps (red), and a single fall-and-recovery response
with fall and recovery time constants of 14 + 1 ns and 5.4 + 0.6
us (blue), and no response region (black). In EtOH, the decay
times for the red and blue responses became faster, and the
region of red decreased from 36 to 10%, while the blue region
increased from 20 to 47%. In NB/EtOH, the blue responses
drastically reduced to transition into the no response region
(black), and the positive response has transitioned into a much
slower response (green). In region 2, the general trend was
similar but some differences were observed; the red responses
became mostly no response (black) in the presence of ethanol
(hole scavenger), and a small region with the blue response
remained in NB/EtOH. With regard to the black region, there
are two possibilities: one is the uncoated region and the other is
the inactive photocatalyst coated due to unclear reasons. Since
some regions became inactive due to scavengers, it indicates
that the photocatalyst itself was coated in this case. Then, the
latter possibility is more likely because many of these regions
still provided signal responses in the absence of scavengers but
became inactive when scavengers were introduced. Therefore,
the black regions cannot be interpreted as empty substrates.

From the red area reduction by ethanol (Fig. 6A(b) and B(b)),
the positive response (red) was due to the hole dynamics,
because they were scavenged by EtOH. From the blue area
reduction by addition of NB (Fig. 6B(b) and C(b)), the blue
response corresponds to the electron dynamics because they
were scavenged by NB. This makes sense because the sign of the
refractive index change was opposite for electrons and holes.
The green response was due to the hole dynamics from the sign,
with residual signals persisting because hole scavenging is not
fully efficient, especially for deeply trapped carriers. It is noted
that holes are dominant on the surface when the charge carriers
are confined inside the sample in ACN (inert), and this distri-
bution of charge carriers did not directly correspond to the
microscopy image, namely surface morphology. The difference
between regions 1 and 2 can be considered due to the reaction
activity, because the electron/hole responses were less scav-
enged in region 2 compared with those in region 1.

This journal is © The Royal Society of Chemistry 2026

View Article Online

Sustainable Energy & Fuels

A @ (c)
1ns 100 ns
’h'bf e 2
7 B
o & L
. =
L ‘-‘é’ 2 \
10 s 1000 ps
M ") L“#: 10
- ‘ " ’)
‘ ~g 20
O e oy 10° 102 10" 10° 10!
—_ Time (us
(b) @ (s)
|
= St Area ratio Rise Decay
- egen) [%] [ns] [ps]
Blue 20 111 2.0£0.2
Red 36 14+1 5.4+0.4
Black 44 - -
B (3 (c)
1ns 100 ns
- 20
F= .
s
k) y _@:‘. 10
i LEEE §
<0
15)'u 1000 us g
’% '-q' 4 e —
g -10
w5 5 '. ]
s o205 2 -1 0 1
10um 10 10 1A0 10 10
(b) (d) Time (us)
|
u Cateaery Areaorano Rise Decay
n [%] [ns] [us]
Blue 47 20£2 9.3£0.7
Red 10 11+1 e 5
Black 43 =
c (c)
20
10} T N
£ > i ‘"“\
D ~
S 0w N
=
-10+
-20
10° 102 10" 10° 10" 102
Time (us)
(d)
Categ Area ratio Rise Decay
ategory
[%] [ns] [us]
Green 21 25+2 16+3
Black 79 = -

Fig. 6 The clustering analyses of the charge carrier responses of
a BiOBr with the (001) facet in (A) ACN, (B) EtOH, and (C) NB/EtOH in
region 1 of Fig. 5. (a) A microscopy image sequence and (b) the cor-
responding categorized map. (c) The averaged responses for the
categorized responses. (d) The ratios of categories and the rise/decay
times for the categories.

Next the results for the (010) facet are shown in Fig. 7 and S7.
The results are similar to those for the (001) facet. In ACN, we
could find two categories of responses: rise-and-decay
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responses with the rise and decay time constants of 16 &+ 1 ns
and 11 £ 1 ps (red), and a fall-and-recovery response with fall
and recovery time constants of 20 + 1 ns and 4.6 + 0.5 ps (blue),
and no response region (black). In EtOH, all of the red response
regions disappeared, while the region with the blue response
did not change much. In NB/EtOH, the regions with the blue
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Fig.7 The clustering analyses of the charge carrier responses of BiOBr
with the (010) facet in (A) ACN, (B) EtOH, and (C) NB/EtOH in region 1
of Fig. 5. (a) A microscopy image sequence, and (b) the corresponding
categorized map. (c) The averaged responses for the categorized
responses . (d) The ratios of categories and the rise/decay times for the
categories.
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responses were reduced and they mostly transitioned into the
no response region (black), and also a small slower response
was observed (green). In region 2, the general trend was similar,
except that the red region still remained a little in EtOH.

From these results, the assignment of the colored regions
was the same as the (001) faceted samples: red: holes, blue:
electrons and green: delayed holes escaped from the recombi-
nation from the scavenger dependences. The minor difference
between regions 1 and 2 was the effect of ethanol (hole scav-
enger), which was attributed to the hole reaction activity in each
region. It is noted that the large difference between the (010)
and (001) facets was the effect of the hole scavenger on the red
region. In the case of the (010) facet, the scavenger effect of
holes was significantly stronger than that for the (001) facet, as
can be seen from the red region reduction by ethanol.

Next the results for the (102) facet are shown in Fig. 8 and S8.
The results are similar to those for the other facets. In ACN, we
could find two categories of responses: rise-and-decay
responses with the rise and decay time constants of 14 + 1 ns
and 5.8 + 0.6 ps (red), and a single valley-and-recovery response
with fall and recovery time constants of 14 £ 1 nsand 1.3 £ 0.1
us (blue), and no response region (black). In EtOH, the regions
with the red response were reduced much, while the decay time
for the blue response became much longer (1.3 to 22 us). In NB/
EtOH, the regions with the blue responses were reduced and
mostly transitioned into the no response region (black), and
also a slower positive response was observed (green). In region
2, the general trend was similar, except that the green response
was observed in minor scattered regions in ACN and EtOH.

From these results, the assignment of the colored regions
was also the same as the (001) and (010) facets: red: holes, blue:
electrons and green: delayed holes escaped from the recombi-
nation from the scavenger dependence. The difference between
regions 1 and 2 was that small regions showed a slower
response regardless of the scavenger and possibly due to the
less active trap states. The important point to note is that,
different from the other facets, the blue region is dominant on
the surface in ACN, and the lifetime of the electrons increases
when holes are scavenged. The lifetime of the electrons became
10 times longer than that in ACN. Furthermore, the electron
dynamics was clearly scavenged by NB.

Based on Fig. 5-7, we discussed the electron and hole
dominant regions on the micron scale. However, the resolu-
tions of the PI-PM and the SEM images have a large gap, and we
cannot correspond to the optical (PI-PM) map with each faceted
particle. What we can assert is that there are electron- or hole
dominant regions on the micron scale. As shown in optical
images corresponding to the measured area by the PI-PM
method in Fig. 5-7, we do sometimes find some correspon-
dence between the micron-scale morphology and the charge
carrier map, but it is not always true and we cannot conclude
the relationship between the morphology and the dominance of
charge carriers.

The charge carrier behavior had a strong correlation with the
photodegradation reactions shown in Fig. 4. The active species
for the photodegradation were holes and OH radicals for the
(010) and (001) facets, and the photodegradation efficiency for

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 The clustering analyses of the charge carrier responses of
BiOBr with the (102) facet in (A) ACN, (B) EtOH, and (C) NB/EtOH in
region 1 of Fig. 5. (@) A microscopy image sequence and (b) the cor-
responding categorized map. (c) The averaged responses for the
categorized responses. (d) The ratios of categories and the rise/decay
times for the categories.

the (010) facet was higher than that for the (001) facet. The
active species for (001) and (010) facets were reflected on the
surface map in ACN, where the holes (red regions) are dominant
in the category map (Figure 6A and 7A). It is also indicated that
the holes were scavenged more effectively at the (010) facet by
EtOH (Fig. 6B) compared with the (001) facet (Fig. 7B), which

This journal is © The Royal Society of Chemistry 2026
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indicates that the holes at the (010) facet have a stronger reac-
tion ability and are easily scavenged.

On the other hand, the electron dynamics dominated the
(102) facet from the charge carrier map in ACN (Fig. 8A), and
this corresponds well to the active species for the (102) facet,
which are electrons. Also, the elongation of the electron lifetime
by removal of holes by the scavengers indicates that the elec-
trons are able to react more efficiently in the alcohol solvents, by
scavenging the holes. The electron activity for the (102) facet can
be validated by taking the ratio between the regions of holes
(red) and electrons (blue) in ACN. The average ratios for the
regions of red and blue were 1:1.04, 1:2.28 and 1:3.14 for
(001), (010) and (102), respectively, which indicated the (102)
surface has stronger electron activity on the surface.

The study combined with the general degradation study with
scavengers and the charge carrier type analysis by the PI-PM
method provides clear information on the active charge
carriers—not only the active charge types on the surface but also
their lifetime variation. Along with this information, the facet
engineered photocatalytic materials can be understood in terms
of their reaction activity and its distribution. It is emphasized
that this finding is possible when measured in ACN, which is
not typically used in photocatalytic degradation reactions and
has not been used in these studies; however, the contact of
photocatalytic materials with ACN successfully confines the
charge carriers inside the photocatalysts, which clearly indi-
cates the active charge carriers. From this information of active
carriers, we are able to understand the active species of the
photocatalytic degradation reactions, using the PI-PM method.

Conclusion

We have explored the synthesis and characterization of bismuth
oxybromide (BiOBr) photocatalysts engineered by facet control
to optimize photocatalytic degradation reactions. The findings
of this study contribute significantly to the understanding of
photocatalyst behavior at the microscale in terms of active
charge carrier types and their lifetimes and spatial distribution,
through a novel PI-PM method.

BiOBr has demonstrated superior performance under visible
light conditions compared to traditional photocatalysts such as
TiO,, primarily due to its favorable band gap and effective light
absorption properties. Our findings emphasize that the facet-
dependent behavior of BiOBr is critical in determining its
photocatalytic activity. The facet-specific behavior of charge
carriers—particularly how electrons and holes are influenced by
the presence of scavengers—provides a deeper insight into the
mechanistic pathways that govern the photocatalytic process.
For instance, the varying responses to scavengers across
different facets (001, 010, and 102) underline the importance of
surface chemistry and structure in driving photocatalytic
reactions.

The application of the PI-PM technique offers a microscopic
distribution with a dynamic view of charge carrier behavior.
This approach allows us to visualize and quantify the temporal
and spatial distribution of photo-excited electrons and holes
directly at the surface of photocatalysts. The ability to observe
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these dynamics in real time presents a profound advancement
in photocatalysis research, offering a more nuanced under-
standing of how photocatalytic materials behave under opera-
tional conditions.

Looking forward, the implications of this research are broad
and impactful. The enhanced understanding of facet-
dependent photocatalytic activity can guide the synthesis of
more effective photocatalysts not only for environmental
remediation but also for energy conversion processes, such as
hydrogen production via water splitting. The methodologies
developed here can be applied to other photocatalytic materials,
potentially leading to breakthroughs in the design and appli-
cation of photocatalysts.
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