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The contamination of water resources by organic pollutants presents significant environmental and health
challenges. Therefore, it is urgent to develop highly efficient and green approach for treating organic
water pollutants. Bismuth oxybromide (BiOBr) has gained attention due to its high photoactivity. In this
work, we report a modification to improve its photocatalytic activity. BiIOBr were prepared using a capping
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agent, benzene-1,3,5-tricarboxylic acid, to tune the morphology of the compound. The resulting BiOBr
shows nanosheet morphology, which provides a high surface-to-volume ratio and a larger conduction
band compared to bulk BiOBr. As a result, the BiOBr nanosheets show the highest efficiency for photode-
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Introduction

By imitating the photosynthesis process of green plants in
nature, Akira Fujishima and Kenichi Honda created innovative
research on titanium dioxide (TiO,) as a photocatalyst for
water splitting in 1972 that initially shed light on the photo-
catalytic phenomenon and paved the way for a new era of
study into metal oxide materials." Over the years, metal oxides
other than TiO, have been studied, including zinc oxide
(zn0),>* tungsten oxide (WO;),"* iron oxide (Fe,0;),*” and
bismuth oxide (BiO,),® etc. These oxides have a variety of band
gaps that allow light to be absorbed in the UV, visible, or even
near-infrared ranges, giving them the capacity to capture solar
energy for catalytic reactions.

Bismuth-based photocatalysts like Bi,05,”° BiOX (X = F, Cl,
Br and 1),""™"* BivO,,"*"® Bi,Mo00Qg,'®"” BiTi,'®"® etc., have
been developed for water treatment because of their promising
properties, such as high photocatalytic activity,"">*>" stability,
and great electron mobility.”>* Among the bismuth com-
pounds, bismuth oxybromide (BiOBr) has gained much atten-
tion as a photocatalyst due to its visible-light photocatalytic
performance, and stable band gap, which ranges from 2.61 to
2.90 eV.>>%7
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gradation of Rhodamine B, compared to benchmark TiO, and bulk BiOBr catalysts.

The agglomeration of photocatalysts has been a great
concern as it can affect the reactivity. To address this issue,
capping agents, which are usually organic ligands, are intro-
duced during the synthesis. They can selectively bind to crystal
planes, thereby directing the crystal growth, and control the
morphologies and exposed crystal planes.*®°

Herein, we demonstrate the preparation of a BiOBr by using
the capping agent benzene-1,3,5-tricarboxylic to control its
crystal growth and morphology. The obtained BiOBr material
shows an inter-grown nanosheet morphology. After being used
as a photocatalyst for degradation of dyes, which is a major
organic pollution source in water, we find the BiOBr exhibits
excellent performance compared to bulk BiOBr and bench-
mark photocatalyst TiO,.

Experimental section
Materials

N,N-Dimethylacetamide and potassium bromide were pur-
chased from Merck, titanium isopropoxide (TIPO) was pur-
chased from Thermoscientific, titanium(iv) oxide and ethylene
glycol were purchased from VWR, bismuth(m) nitrate pentahy-
drate, benzene-1,3,5-tricarboxylic acid and bismuth(u)
bromide were purchased from Alfa Aesar, and Rhodamine B
(RhB) was purchased from Sigma.

Synthesis of BiOBr-1

BiOBr-1 was synthesised by dissolving 1 mmol of bismuth(u)
bromide and 0.40 mmol of benzene-1,3,5-tricarboxylic acid in
a mixture of 60 mL of ethylene glycol and 10 mL of N,N-di-
methylacetamide. After which, 5.0 pL of TIPO was added and
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ultrasonicated until the mixture was completely dissolved.
After that, it was transferred into a 100 mL Teflon-lined stain-
less-steel autoclave and heated at 150 °C for 3 h. The product
was centrifuged and washed with ethanol before drying at
room temperature.

Synthesis of BiOBr-2

5 mL of 0.2 M of potassium bromide was dissolved in 0.5 g of
bismuth(ur) nitrate pentahydrate and stirred until dissolved.
The mixture was transferred to a Teflon-lined stainless-steel
autoclave and heated at 150 °C for 12 h. The product was cen-
trifuged and washed with acetone and water before drying at
70 °C for 12 h.

Synthesis of BiOBr-3

BiOBr-3 was synthesised by dissolving 1 mmol of bismuth(m)
bromide in a mixture of 60 mL of ethylene glycol and 10 mL of
N,N-dimethylacetamide. After which, 5.0 pL of TIPO was added
and ultrasonicated until the mixture was completely dissolved.
After that, it was transferred into a 100 mL Teflon-lined stain-
less-steel autoclave and heated at 150 °C for 3 h. The product
was centrifuged and washed with ethanol before drying at
room temperature.
Titanium(iv) oxide was used as purchased.

X-ray diffraction (XRD)

XRD pattern was determined on a Panalytical X’Pert Alphal
using Cu Ka (4 = 1.5406 A) radiation in the 26 range from 5.0
to 55.0°.

Scanning electron microscopic (SEM)

The SEM images were recorded using a JEOL JSM-7000F, oper-
ating at 15 kV.

Transmission electron microscopic (TEM)

Samples for transmission electron microscopy observation
were loaded onto a carbon-coated copper grid. The observation
was performed on a JEOL JEM2100 microscope at 200 kV (Cs
1.0 mm, point resolution 0.23 nm). TEM images were recorded
on a Gatan Orius 833 CCD camera (resolution 2048 x 2048
pixels, pixel size 7.4 pm). Electron diffraction patterns were col-
lected with a Timepix pixel detector QTPX-262k (512 x 512
pixels, pixel size 55 pm, Amsterdam Sci. Ins.).

X-ray photoelectron spectroscopy (XPS)

The prepared materials were subjected to X-ray photoelectron
spectroscopy (XPS) analysis using a Kratos AXIS ULTRA XPS.

Continuous rotation electron diffraction (cRED)

The data were collected using the software Instamatic. A
single-tilt tomography holder was used for the data collection,
which could tilt from —70° to +70° in the TEM. The aperture
used for cRED data collection was about 0.6 pm in diameter.
The speed of the goniometer tilt was 0.45° s™', and the
exposure time was 0.3 s per frame. The data was collected
within 2 min to minimize the beam damage and maximize the
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data quality (Table S1}). Data sets were processed using XDS
packages2 for structure determination.

Photocatalytic dye degradation

RhB dye solution of 8 mg L™" in DI water and 0.013 M hydro-
gen peroxide was prepared. For the photocatalytic testing,
the catalysts were added to the solution and stirred for
20 minutes in the dark before irradiation with light. The
photocatalytic tests were performed in the dark to avoid
extraneous irradiation on the sample; thus, only the light
from the simulator could reach the sample. 4 mL aliquots of
the solution were collected for examination at 20 minute
intervals. These aliquots’ absorption was measured at various
intervals using a UV-3100PC spectrophotometer (VWR, USA).
UV-Vis spectra were first obtained from solutions with known
concentrations of RhB solution. Calibration curves were
formed by fitting the known concentrations and their UV-Vis
absorption. By using the calibration curves, unknown concen-
trations of RhB solution after photocatalytic tests were deter-
mined from their UV-Vis absorption. The resulting absor-
bance value was then converted to mg L™, and the observed
concentrations were plotted against time to calculate the
degradation rate.

Results and discussion

BiOBr typically has a layered structure, which are built by
strong electrovalent bonds between [Bi,0,]*" slab and double
Br-slabs.>'> To control the crystal growth and the resulting
morphology, we wused benzene-1,3,5-tricarboxylic acid, a
capping agent,*® during the synthesis. As a consequence, the
morphology of BiOBr changed to aggregated nanosheets
(BiOBr-1) from bulk particles (BiOBr-2 and BiOBr-3) (Fig. 1 and
S1f). Comparing the PXRD patterns of BiOBr-1 and BiOBr-2
(Fig. 2), profile changes can be observed when the morphology
was changed to nanosheets, e.g., peaks at ca. 11°, 22°, and 26°.

We applied continuous rotation electron diffraction (cRED)
to analyse the single-crystal structure of BiOBr-1 due to its
nanosheet morphology. From the 3D reciprocal lattice recon-
structed from the cRED data (Fig. 3a), the unit cell parameters
can be determined as @ = 4.19 A, b = 4.19 A, c = 841 A, a =
87.89°, = 88.89°, and y = 88.36°, indicating the crystal system
could be tetragonal. The two-dimensional (2D) slice cuts of the
3D reciprocal lattice exhibit reflection condition as #k0: i + k =
2n, 0k0: k = 2n (Fig. 3b-d). Thus, the possible space groups for
BiOBr-1 are P4/n (no. 85) and P4/nmm (no. 129). The dataset
has a high signal-to-noise ratio within the resolution of 0.80 A,
and the structure was solved ab initio by direct methods in the
space group P4/nmm. The final refinement was performed by
using Shelxl-2018, and the R; value converged to 0.284
(Table S21). The structural model shows the same atomic
arrangement as the bulk BiOBr in the database®” (Fig. 4).
Therefore, the intensities difference in the PXRD patterns
(Fig. 2) of BiOBr-1 and BiOBr-2 is due to the preferred orien-
tation of BiOBr-1.

Dalton Trans., 2024, 53,19196-19201 | 19197
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Fig. 1 SEM images of (a) BiOBr-1 (b) BiOBr-2.
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Fig. 2 XRD patterns for (a) BiOBr-1 and (b) BiOBr-2.

We further performed Pawley fitting to refine the unit cell
parameters of BiOBr-1 (Fig. S21). The unit cell parameters were
refined to a = 3.9280(3) A, ¢ = 8.128(1) A, and the R-values were
converged to R, = 0. 031, R,, = 0. 044, and Ry = 0. 012
(Table S3t). To further validate the structure of BiOBr-1, the
PXRD pattern was simulated using the structural model
obtained from single crystal analysis and unit cell parameters
refined by Pawley fitting (Fig. S371). It shows that all the peaks
match well with the observed pattern, except for the peak at ca.
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Fig. 3 The reconstructed 3D reciprocal lattice of BiOBr-1 (an inset is an
image of the crystal from which the cRED data was collected) and 2D
slice cuts show the hkO (b), Okl (c), and the (d) planes.

7.6°. The Bragg conditions calculated from the structural
model of BiOBr-1 does not include the peak at ca. 7.6°. Thus,
it indicates the peak belongs to a minor phase of impurity in
the samples.

We evaluated the photocatalytic performances of BiOBr-1
and compared it to BiOBr-1 and TiO, by photocatalytic degra-
dation of Rhodamine B (RhB) aqueous solution under simu-
lated solar irradiation. We first submerged the catalysts in RhB
aqueous solution and in darkness for 20 minutes to reach
adsorption equilibrium to exclude the influence of adsorption
(Fig. 5). The photocatalytic degradation baseline is represented
by the black and red curves with and without hydrogen per-
oxide (H,0,), measured without a catalyst. After 100 minutes,
TiO, and BiOBr-2 showed 55% and 36% degradation of RhB,
respectively. In a sharp performance improvement, using
BiOBr-1 showed 100% degradation after 20 minutes.

This excellent photocatalytic performance results from the
morphological change.>**° Because the catalytic reaction
occurs on the surface of the catalyst, the high surface-to-
volume ratio of BiOBr-1 provide high accessible reaction sites.
Moreover, we analyzed the exposed facet of BiOBr-1 by electron
diffraction. The observed and simulated ED patterns show a
good agreement for the preferred orientation along the [001]
direction (Fig. 6).

The photocatalytic performance is influenced by the separ-
ation and transfer of photogenerated carriers. According to the
principle of photoluminescence spectroscopy (PL), the fluo-
rescence peak is produced by the recombination of photolumi-
nescent carriers. Therefore, we further examined the PL
spectra to explore the reasons for the enhanced photocatalytic
performance. Fig. 7a shows the PL fluorescence peaks of
different catalytic materials. The BiOBr-1 exhibited a lower
fluorescence peak intensity, indicating a higher carrier separ-
ation efficiency. Additionally, solid UV-visible diffuse reflec-

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 The structural model of BiOBr-1 determined by cRED, viewed from the (a) a-axis, (b) b-axis, and (c) c-axis.
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Fig. 5 Photocatalytic degradation of RhB. Degradation was carried out
using a solar simulator with hydrogen peroxide.
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tance spectroscopy (UV-vis DRS) was conducted to determine
the electronic band structure of these materials (Fig. 7b).
BiOBr-1 showed excellent light absorption in the UV region at
about 380 nm. Compared to bulk BiOBr-2, the nanosheet
BiOBr-1 showed a shift on the absorption band. The change is
due to the dimensionality change from 3D to 2D, the quantum
effect and surface effect affected the electronic structures of
the materials.®® Subsequently, the band gap energy (E,) is esti-
mated according to Tauc equation below: (ahw)"? = A(hv — Ey),
where a, hv, A, and E, represent the absorption coefficient,
photon energy, a constant, and band gap, respectively. As
shown in Fig. 7c, the calculated band gaps are 2.86 €V, 2.67 eV,
and 3.04 eV for BiOBr-1, BiOBr-2, and TiO,, respectively. The
BiOBr-1 and BiOBr-2 exhibit a narrower band gap compared to
TiO,, suggesting a wider light absorption range.

In addition to the band gap, the conduction band (CB) and
valence band (VB) potentials of the material are critical factors
in determining its photocatalytic activity. The VB XPS spectra

240 040 240
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420 220 020 220 420
. . . . .
310 110 110 310
. . . .
400 200 000 200 400
. ° [ ) . .
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(a) Experimental electron diffraction pattern of BiOBr-1. (b) Simulated electron diffraction pattern by using the obtained BiOBr-1 along the
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Fig. 7 (a) PL spectra, (b) solid UV-vis DRS spectra, (c) the corresponding calculated values of band gaps, (d) valence band XPS spectra, and (e) sche-

matic diagram of the band structure of BiOBr-1, BiOBr-2, and TiO,. Calibration is conducted by Eyye/V = @ + E; — 4.44, where Ey is the potential
of normal hydrogen electrode, E; is the value obtained by intersecting a tangent line with a horizontal line in a valence band spectrum, and @ is the

electron work function of the analyzer of 4.34 eV.

were carried out to explore the VB energy. The results indicate
that the VB energies of BiOBr-1, BiOBr-2, and TiO, are 1.79 €V,
1.93 eV, and 2.64 eV (vs. NHE), respectively (Fig. 7d).
Correspondingly, the CB energy is calculated to be —1.07,
—0.74, and —0.4 eV (using the equation Ecg = E; — Evg),
respectively. Based on the above results, the band structures of
BiOBr-1, BiOBr-2, and TiO, are shown in Fig. 7e. It is evident
that BiOBr-1 presents a lower CB value of about —1.07 eV, indi-
cating its strong oxidation ability and can retain more highly
active electrons, which can provide enough active free radicals
for the degradation reaction of RhB. Consequently, combined
with its high surface-to-volume ratio and preferred orientation,
BiOBr-1 showed enhanced activity of photocatalytic degra-
dation of RhB although it has a narrower visible-light
absorption.

Conclusion

We synthesized BiOBr-1 with controlled nanosheet mor-
phology by using benzene-1,3,5-tricarboxylic acid as a capping
agent. cRED was used to determine the structure of BiOBr-1,
which indicates the same structure as BiOBr-2. Nevertheless,
BiOBr-1 shows a superior catalytic performance for photode-
gradation of RhB compared to BiOBr-2, indicating the advan-
tage from the tuned nanosheet morphology. We believe the
BiOBr-1 catalyst can be used for photodegradation of other
organic pollutants in water.

19200 | Dalton Trans., 2024, 53,19196-19201
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