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HIGHLIGHTS

Monoclinic bismuth vanadate (BiVO,4)
was obtained with the control of {010}
and {110} facets.

Photo-generated electrons and holes are
transferred to {010} and {110} facets, re-
spectively.

BiVO,4 crystal photocatalyst with opti-
mized {010} and {110} facets ratio ex-
hibit highest bromate reduction
efficiency.
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GRAPHICAL ABSTRACT

ABSTRACT

Removal of bromate (BrOs") has gained increasing attention in drinking water treatment process. Photocatalysis
technology is an effective strategy for bromate removal. During the photocatalytic reduction of bromate process,
the photo-generated electrons are reductive species toward bromate reduction and photo-generated holes re-
sponsible for water oxidation. In this study, the monoclinic bismuth vanadate (BiVO,4) single crystal was devel-
oped as a visible photocatalyst for the effective removal of bromate. The as-synthesized BiVO, photocatalyst
with optimized {010} and {110} facets ratio could achieve almost 100% removal efficiency of BrO3™ driven by vis-
ible light with a first-order kinetic constant of 0.0368 min~'. As demonstrated by the electron scavenger exper-
iment and density functional theory (DFT) calculations, the exposed facets of BiVO,4 should account for the high
photocatalytic reduction efficiency. Under visible light illumination, the photo-generated electron and holes were
spatially transferred to {010} facets and {110} facets, respectively. The BiVO, single crystal photocatalyst may
serve as an attractive photocatalyst by virtue of its response to the visible light, spatially charge transfer and sep-
aration as well as high photocatalytic activity, which will make the removal of BrO3™ in water much easier, more
economical and more sustainable.

© 2020 Elsevier B.V. All rights reserved.

* Corresponding author at: School of Environmental and Civil Engineering, Jiangnan

University, Wuxi 214122, China.

1. Introduction

Bromate (BrOs") originated from the chlorination or ozonation pro-

cess in bromide-containing water has attracted the attention of many
researchers (Bouland et al., 2005; Chen et al., 2016; Parker et al., 2014,
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Zhu et al,, 2020b). The drinking water standard of BrO3™ in the European
Union and the U.S. Environmental Protection Agency is less than
10 pg L™ (Shen et al., 2017; Weinberg et al., 2003; Wu et al., 2013).
To overcome this obstacle, considerable progress has been made re-
garding the transformation of BrOs3™ to Br~ by using various technolo-
gies, such as electrochemical reductive treatment (Xie and Shang,
2007), zero-valent iron (Wang et al., 2009; Zhang et al., 2015) and
FeOOH catalytic reduction (Nie et al., 2014). Although these already
established technologies can remove BrO3 effectively, they may suffer
from various problems such as high cost, operational complexity, as
well as the potential secondary pollution risk induced by metal leaching
(Ayoubi-Feiz et al., 2015; Lin et al., 2016; Noguchi et al., 2003).

Recently, photocatalysis process was regarded as a superior technol-
ogy to remove BrO3 (Noguchi et al,, 2002). Compared with the conven-
tional removal methods mentioned above, photocatalysis shows
fascinating potential for bromate removal systems due to its high effi-
ciency, low-cost and environmental benignity (Ayoubi-Feiz et al.,
2015; Lin et al., 2016; Noguchi et al., 2003). As the widely used
photocatalyst, TiO, based photocatalysts had been extensively
employed in bromate removal by UV-light driven photocatalysis,
whereas the efficient conversion of BrOs to Br~ was contributed to
the photo-generated electrons at conduction band (CB) (Li et al.,
2016; Liu et al,, 2016; Zhang et al., 2005).

However, the photocatalytic systems based on TiO,-photocatalysis
still suffer from some problems for bromate removal: (i) The wide
bandgap (E; = 3.2 eV) of TiO, can only be responsively under UV
light irradiation (UV, 3% ratio of solar light). This may cause inconve-
nience in practical applications (Perry Iv et al., 2009; Williams et al.,
2008; Yang et al., 2020a; Yang et al., 2020b). (ii) The reducing agent in
the photocatalytic system is photo-generated electrons. It is important
to improve the quantum efficiency of photoelectrons to participate in
the bromate reduction reaction (Pan and Zhu, 2010; Wang et al.,
2020a; Yang et al.,, 2019; Zhu et al., 2020c; Wang et al., 2020b; Wang
et al,, 2019). (iii) As a redox couple in the reaction depends on
generated-electrons and holes, the photocatalytic reduction half-
reaction is interdependent to the oxidation half-reaction mediated by
photo-generated holes at the valence band (VB). Therefore, there is a
growing interest in developing high overall efficiency visible light driv-
ing photocatalysts (Zhang et al., 2019; Zhu et al., 2019; Zhu et al,,
2020a).

In the BrO3™ reduction system, BrO3™ acts as an electron acceptor, and
the reduction reaction (1 e~ process) is not considered as a limiting step
for the overall photocatalytic redox reaction. On the other hand, the ox-
idation of water (4 e~ process) is observed as a bottleneck or the rate-
determining step (Zhu et al., 2020b). Based on the above-mentioned
points, the premise for effective BrO3™ reduction is to find a visible
photocatalyst with high reductive activity, high selectivity and water
oxidation ability.

Monoclinic BiVO, has been widely used in photocatalysis or
photoelectrochemical process for the water oxidation to produce oxy-
gen due to its efficient and active visible light photocatalytic properties
(Nakabayashi et al.,, 2017; Saison et al., 2015). Therefore, the oxidation
reaction would not hamper the reductive half-reaction (bromate reduc-
tion reaction). On the premise that BiVO, can efficiently oxidize water,
the major water oxidation products are oxygen rather than hydroxyl
radicals (Nakabayashi et al., 2017; Saison et al., 2015). This can mitigate
the problem of the re-oxidation of bromine ions by hydroxyl radicals.
Recent associated studies on the preparation of single crystal BiVO,
photocatalysts have shown that photo-generated carriers could be
transferred to different exposed crystal facets (Li et al., 2013; Zhu
et al,, 2017), the reduction and oxidation reactions were spatially sepa-
rated with a high reaction extent. Learned from these experiences, the
reduction surface (photo-generated electron rich surface) of BiVO,4 can
be made by the crystal facet engineering, thus improving the quantum
efficiency of photo-generated electrons involved in the bromate reduc-
tion reaction.
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Herein, three kinds of BiVO4 crystals (BVO-a, b and ¢) with different
exposed facets were prepared and applied to the photocatalytic reduc-
tion of bromate under visible light. Additionally, the structure and mor-
phology of BiVO, single crystals were characterized using X-ray
diffraction (XRD) and field emission scanning electron microscopy
(FESEM). Furthermore, the BrO3™ reduction performance was evaluated
by calculating the conversion of BrO3™ to Br. Lastly, the optical proper-
ties and electron configuration were estimated using density functional
theory (DFT), and the bandgap, band position, and effective electron
mass were also taken into consideration. The possible photocatalytic re-
duction mechanisms of BrO3™ by BiVO, crystals were proposed.

2. Experimental section
2.1. Synthesis of the photocatalyst

BiVO, powders were prepared by liquid-solid state reaction. 5 mmol
of V,05 and 10 mmol of Bi(NOs)3-5H,0 were added in 60 mL of DI
water. The precursor solution was stirred until a yellow solution was
formed. The pH of the solution was regulated to 1.0, 0.5 and 0.1 by am-
monia solution or dilute nitric acid solution, and then the solution was
vigorously stirred at room temperature for 5 days. The obtained BiVO,
powder was separated by centrifugation, washed with DI water and
dried at 60 °C. Moreover, the obtained BiVO4 powders synthesized at
different pH values of 1.0, 0.5 and 0.1 were labeled as BiVO4-a, BiVO,-
b and BiVO4-c.

2.2. Characterization

The powder X-ray diffraction (XRD) characterization was conducted
on an X-ray diffractometer (Bruker D8 Adv., Germany). The crystalline
phase and morphology of the as-prepared BiVO,4 samples were charac-
terized by an X-ray diffractometer (Bruker D8 Adv., Germany) and a
field emission scanning electron microscope (FESEM, Type-4800,
Hitachi, Japan), respectively. A spectrophotometer (Type-UV2550,
Shimadzu, Japan) recorded the UV-vis diffuse reflectance spectroscopy
(DRS) of the powders. The photoelectrochemical measurements were
conducted using a CHI760E electrochemical workstation. The photocur-
rent measurements were carried out under visible light irradiation
(300 W Xenon lamp).

2.3. Theoretical calculations

The optimization of the unit cell of monoclinic scheelite BiVO,4 was
performed using the CASTEP code with the projector augmented wave
(PAW) pseudopotentials (Liu et al., 2017), and the parameter was set
according to the reference (Long et al., 2008). The angle b of monoclinic
scheelite BiVO,4 was set to 134.9° for simplification, the detailed param-
eters can be found in Table S1. The stable crystal configuration of the
bulk and the cleavage surface with the optimized lowest energy are
shown in Fig. S1.

2.4. Experimental setup and procedures

The BrOs™ ions removal performance was tested according to the
previous method reported by our team (Liu et al., 2019). Both BrO3
and Br~ ions were determined by an ion chromatograph analyzer (LC-
10A, Shimadzu, Japan).
3. Results and discussion
3.1. Characterization of BiVO, photocatalysts

The XRD patterns of three types of as-synthesized BiVO,4

photocatalysts are presented in Fig. 1A. All diffraction patterns of sam-
ples (BiVO4-a, b and c) showed sharp diffraction peaks and all typical
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Fig. 1. XRD patterns of (A) BiVO, samples, SEM pictures of (B) BiVO,4-a, (C) BiVO,4-b, (D) BiVO,4-c, (E) TEM and HRTEM (F) pictures of BiVOy4-a.

peaks were attributed to monoclinic scheelite BiVO, crystal phase (JCPDS
No. 14-0688, space group: C2/c), evidently suggesting that the BiVO,
photocatalysts have high crystallinity (Liu et al., 2014). Considering the
phenomenon that the (121) peak was the highest peak for separated
BiVO4-a, b and ¢, the (121) peak was selected as the benchmark to evalu-
ate the possible exposed surface in BiVO, crystal qualitatively, i.e., the in-
tensity ratios of the diffraction peak of (040) and (110) compared with
(121). The intensityof (040) diffraction peak followed the order of
BiVO4-a > BiVO4-b > BiVO,-c, while that of (110) diffraction peak showed
areverse order, i.e., BiVO4-c > BiVO,4-b > BiVO4-a. However, the intensity
of (110) diffraction peak of BiVO4-c was stronger than that of BiVO4-b and
a (BiVO4-c > BiVO,4-b > BiVOy-a). According to Wang's study, this inten-
sity difference in XRD pattern indicated that the (040) diffraction peak
was the dominant peak for BiVO4-a, and that for BiVO4-c was (110)
(Wang et al., 2011). The FESEM image of BiVO4-a exhibited a sheet-like
geometry with a length of 1.5 pm, width of 400-nm, and thickness of
150-nm, respectively (Fig. 1B). The BiVO4-b sample exhibited a polyhe-
dral box shape (Fig. 1C) with an average size of about 1.5 pum. In addition,
the BiVO,4-c with an octahedral shape of about 2 p m was observed in

Fig. 1D. To further identify the exposed crystal faces, the corresponding
HRTEM image for BiVO4-a is given in Fig. 1E.

The corresponding selected area electron diffraction (SAED) pattern
in Fig. 1F (inset picture) is taken from the sheet-like BiVO4-a sample
(Fig. 1E), revealing the growth orientation in accordance with the re-
sults of XRD measurements. As determined by XRD result, and with dif-
ferent b axis orientations for different sheets, the d spacings measured
from SAED (zone axis [010]) were 2.61 A, which agreed well with the
lattice spacings of (200) monoclinic BiVO4 (Wang et al., 2011). The
growth direction was along the (040) facet, i.e., {010} crystal planes;
therefore, the sheet-like BiVO4-a grew along the b axis as seen in the
HRTEM images (Fig. 1F). Based on these analyses and calculations, a
simple schematic illustration of the exposed crystal surface is presented
in the insets in Fig. 1B, C and D according to the XRD and HRTEM anal-
ysis. The XPS spectra of Bi 4f, V 2p and O 1s are illustrated in Fig. S2.
The Bi 4f consisted of two peaks at the binding energy of 156.3 and
161.5 eV, while the V 2p spectra showed two peaks of 514.0 eV and
521.7 eV, respectively. Moreover, the O 1s spectra was detected at the
binding energy of 527.1 eV.
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3.2. Photocatalytic reduction of BrO3~ by BiVO,4 photocatalysts

The feasibility of photocatalytic reduction of BrO3 using BiVO,
photocatalysts under visible light irradiation were examined by photo-
catalytic experiment. No BrO3™ reduction was observed in the absence of
photocatalysts, which excluded the direct visible light driven photolysis
of BrO3™ reduction. As illustrated in Fig. 2A, the concentration of BrO3
decreased from initial 1000 to O pg L~! (below the detection limit) for
BiVO,4-b after 150 min of reaction, which exhibited almost 100% BrO3”
removal efficiency. However, BiVO4-a and BiVO4-c reduced the initial
BrO3 concentration (1000 pg L) to 130 and 230 g L™, respectively.
The BrO3 removal performance can be well indexed to the first-order
reaction k = 0.0368 min~' for BiVO4-b (Fig. 2B), which was 2.08 and
3.94 times higher than that of BiVO4-a (0.0177 min™') and BiVO,4-c
(0.0094 min—"), respectively. (Table S2). These results demonstrated
that the BiVO,4-b sample showed superior photocatalytic bromate re-
moval performance than that of BiVO4-a and -c samples which might
be benefited from the facet effect of BiVO, crystal. Moreover, the stabil-
ity of the BiVO,4 photocatalysts was also evaluated and the result can be
seen in Fig. S3. during the recycling process, the photocatalytic perfor-
mance of BiVO, was with high stability, amount to 3% activity loss
after five-cycles. During the recycling process, the photocatalytic perfor-
mance of BiVO,4 was of high stability with the activity loss amounting to
3% activity loss after five-cycles.

3.3. Mechanisms insight

To further understand the BrO3 reduction mechanism by BiVO,
photocatalyst, the electron scavenger experiments were implemented
by adding S,03~ (Romdo et al., 2015). As a typical electron scavenger,
the degradation performance of BrO3 was decreased obviously after
the introduction of S;05~ (Fig. S4 and Table S3). Notably, the bromate
removal nearly disappeared when 5 mmol of K;,S,0g was added. Thus,
it could be concluded that the photo-generated electrons were the reac-
tive species during the BrO3™ photocatalytic reduction process.

As we know, for semiconductor photocatalysis, the optical proper-
ties are directly related to the intrinsic electron configuration and thus
influence the photocatalytic performance. Fig. 3A shows the DRS spectra
of BiVO, samples with different exposed surfaces. The adsorption prop-
erties of the obtained three types of BiVO, were all typical visible light-
driven photocatalysts with an absorption edge at approximately
536 nm (Eg = 2.31 eV), which was in line with the previous report
(Suetal, 2011). The DFT calculation regarding optical properties was
conducted to better understand the relationship of light absorption
with exposed surface. As shown in Fig. 3B, there was no obvious differ-
ence in the absorption threshold for polycrystal, {010} and {110} facets
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BiVO,, respectively, which was in accordance with the DRS results.
Based on the above DRS and DFT calculation results, it can be concluded
that the optical properties of BiVO, samples may not be the major rea-
sons for the great difference in the photocatalytic removal of bromate.

E
Eyp = y—E° +7g (1)

Ecg = Evg—Eg 2)

Furthermore, the theoretical positions of energy band position of
BiVO, at pH = pH,, were calculated using the following conventional
Egs. (1) and (2) (Xu and Schoonen, 2000). E, is the free electron energy
(4.5V), Eg is the measured band gap. By substituting these absolute elec-
tronegativities of Bi, Vand O to Eq. (1) and (2), the Eyg 0f 2.80 V and Ecp
of 0.49 V (SHE) were obtained (Cooper et al., 2014). Although the va-
lence band position of BiVO, was suitable for hydroxyl radicals genera-
tion, according to the previous literature, BiVO, was generally
considered as a highly efficient photocatalyst for water oxidation to pro-
duce oxygen rather than hydroxyl radicals, thus making the reduction of
BrO3™ more efficient toward Br™ conversion (Nakabayashi et al., 2017;
Saison et al., 2015).

As shown in Fig. S1, VO3~ was a stretched tetrahedron. In the
stretched BiOg dodecahedron, Bi atoms were surrounded by 8 O
atoms, and the four bond lengths were different (2.467, 2.466, 2.471,
and 2.528 A) (Stoltzfus et al., 2007; Yang et al., 2013). As we know,
the dipole moments played an important role in photocatalysis, espe-
cially on the effective separation of carriers. A big dipole moment always
means a high driving force makes efficient photo-generated carriers
transfer (Li et al,, 2014). In this regard, the absolute numerical value of
dipole moment is calculated to be 0.79 and 0.68 D on {010} and {110}
facets, respectively. The larger dipole moment of the BiO polyhedrons
for {010} facet demonstrates greater distortion of the {110} surface
layer, hence leading to a larger internal polarization which is conducive
to the charge separation and higher activity for the photocatalytic re-
duction of BrO3".

To further understand the electronic configuration of the two ex-
posed crystal facets, the band structure of BiVQ, is plotted in Fig. 4A.
Considering the symmetry of the monoclinic system, the path selected
from the Brillouin zone was alongZ - G—-Y—-A—-B—-D->E - C
The DFT calculated E,; for BiVO4 was 2.12 eV, close to the experimental
value (2.31 eV). The highest band energy level and lowest energy
level were located at different K-points, which indicated the typical in-
direct band gap property. Furthermore, we can calculate the effective
carrier masses of {010} and {110} facets based on the curvatures of the
bands in the corresponding directions by fitting parabolic functions to
the conduction band minimum (CBM) and valence band maximum

5
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R — e 4] o Bvoa "
7, 800 §/§ 8007, = BIVO,b 7
A BiVOqc "
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Fig. 2. Time course of (A) photocatalytic reduction of BrO3™ by BiVO, photocatalysts under visible light irradiation at pH 7.1 4 0.4, (B) the corresponding kinetics rate constants derived

from A.
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Fig. 4. The band structure (A) of BiVO, crystal and (B) photocurrent-time curve of BiVO,4 samples.

(VBM) of BiVO,. According to the Eq. (3) (Li et al., 2014), the effective
electron masses can be estimated, where k is the wave vector, and E;
is the energy corresponding to the wave vector k.

The calculated results are summarized in Table 1.The effective elec-
tron masses were approximately 0.13 mg and 0.30 mg, and the effective
hole masses are estimated to be approximately 0.18 mg and 0.57 mg for
{010} and {110} surfaces, respectively. In the photocatalytic process,
lower effective mass means higher drift velocity, and the photo-
generated hole/electron pairs could be transferred to the surface of
photocatalyst (Li et al.,, 2014). Therefore, the effective electron mass of
{010} was 0.13 myg, obviously lower than that of {110} facets making it
favorable for the photocatalytic bromate reduction process.

Table 1
Summary of the effective masses.
{010}/mo {110}/mo
my, 0.18 0.57
mg 0.13 0.30

According to the dipole moment and charge transport calculation,
the presence of {010} facet exposed BiVO, was beneficial for the charge
separation. As revealed from the photocurrent of BiVO4-a, BiVO4-b and
BiVO4-c in Fig. 4B, BiVO4-b possessed a much higher photocurrent
than BiVO4-a and BiVO4-c. The intense photocurrent generally means
a higher hole/electron pairs separation efficiency (Li et al., 2017). As
shown in Fig. 4B, the BiVO4-b sample with {010} facet exposed main-
tained a high separation efficiency of hole/electron pairs, which was in
well agreement with the result of dipole moment calculations.

The intrinsic reason for the separation of photo-generated carriers
on the {010} and {110} of BiVO, crystal facets was evaluated by the
DFT calculation method (Pan et al., 2011). Fig. 5A shows the density of
states (DOS) calculation results (where Fermi energy was set as 0 eV).
We can ascertain the conduction band edge and valence band edge
from Fig. 5A, where the conduction band edge for {110} facets was
1.33 eV, and that for {010} was 2.15 eV. Thus, the energy differences
for conduction bands (Acg) between {010} and {110} facets was about
0.82 eV. Similarly, we could calculate the Ayg by analyzing the DOS
curves and the result is about 0.20 eV between {010} and {110} facets.
The existed difference well demonstrated that the transfer trend of
photo-generated electron was from {110} to {010} facets in the thermo-
dynamic view. Within this context, the electrons were accumulated on
{010} facets, whereas the holes were enriched on {110} facets. Based on
the calculated results obtained in Fig. 5A, the schematic diagram of spa-
tial photo-generated carriers separation between {110} and {010} facets
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is schematic shown in Fig. 5B. Furthermore, the Work function
(W) calculation results are shown in Fig. 5C and D. The W of {010}
and {110} facets was 6.2 eV and 4.5 eV, respectively. The W value of
{010} facets is obvious bigger than that of {110} facets, which makes
the {010} facets have a higher electron capture ability (Gao et al.,
2011). The results were in line with the density of state (DOS) analysis,
where the photo-generated electrons were separated spatially with the
photo-generated holes during photocatalytic process to form electron-
rich {010} facets and hole-rich {110} facets.

For a practical photocatalytic reaction, reduction reactions were ac-
companied by oxidation reactions. To achieve a high photocatalytic effi-
ciency (in this study, is photocatalytic reduction of bromate), high
oxidation reactions involved by photo-generated holes must be consid-
ered. To clarify the mechanism deeply, the test of BiVO, photocatalyst
utilized in water oxidation under visible light irradiation of O, evolution
with BrO3 as electron sacrificial agent (NaBrOs, 0.1 mol L™!) was con-
ducted, and the photocatalytic O, evolution performance is shown in
Table S4. As shown in Table S4, the BiVO4-b exhibited the highest oxy-
gen production with the rate of 11.70 umol h™!, and the order of oxygen
production rate was BiVO4-b (11.70 pmol h™!) > BiVO4-a
(2.30 umol h™!) > BiVOy4-c (1.50 umol h™1). The results evidently con-
firmed that the BiVO,4-b showed the highest water oxidation, as an over-
all reaction, the photo-reduction performance was correlated with the
oxidation ability. Therefore, the BiVO4-b sample with an optimized ex-
posure ratio of the {010} and {110} surfaces exhibited the highest pho-
tocatalytic bromate reduction activity. The conceivable intrinsic
mechanisms are schematically showed in Fig. 6. Under the irradiation
of visible light, photo-generated carriers were separated toward differ-
ent surfaces for the polyhedral box shape BiVO, photocatalyst, i.e., the
photo-generated electrons (thermodynamic potential of 0.49 V, SHE)

and photo-generated holes (2.80 V, SHE) were transferred to different
facets of BiVO, crystal. As shown in Fig. 6, the {010} facets were the
electron-rich surfaces, whereas the holes were accumulated on the
{110} surfaces. The electron with a redox potential of 0.49 V was a ro-
bustreductive for bromatereduction (BrO3 +6H" +6e~ —Br~ + 3H,0,
E® = 1.423 V). And photo-generated hole with a high redox potential of
2.80 V could decompose H,0 to produce oxygen efficiently (2H,0 -
4e~ — 0, + 4H™, E°® = 1.23 V). In this manner, BrO3 could be regarded
as the electron acceptor and in-situ reduced at {010} facets, while the
water oxidation reaction was occurred at {110} surfaces to produce
0,. The photo-generated electron-hole pairs were spatially separated,
and the oxidation and reduction reactions occurred at different crystal

Fig. 6. Schematic illustration of photocatalytic reduction of BrO3™ by BiVO,4-b.



G. Liu, Y. Zhu, Q. Yan et al.

facets; thus, a high bromate reduction efficiency and selectivity on
BiVO, single crystal with optimized {010} and {110} ratio could be
achieved. Besides, a systemic comparison with conventional
photocatalyst of TiO,, traditional bulk BiVO,4 or Bi;MoOg documented
from literature is summarized in Table S5. The BiVO4-b sample with ac-
tive exposed facets ratio could remove almost 100% of BrO3", whose ki-
netic constant was significantly higher than that of other conventional
photocatalysts.

4. Conclusions

To achieve efficient removal of BrO3’, we herein developed single
crystal photocatalysts BiVO, with different exposed facets. The {010}
facets are exposed electron-rich surfaces with a higher dipole moment
and a lower effective masse of electrons/holes, which is more favorable
for the photocatalytic bromate reduction reaction. Under visible light il-
lumination, the photo-generated reductive electrons and oxidative
photo-generated holes are spatially transported to {010} and {110}
facets, respectively. During the bromate photocatalytic removal process,
water acts as an electron donor, thus avoiding the risk of secondary pol-
lution, making the BrO3™ removal of high efficiency. This investigation
provides a simple and effective strategy for enhanced degradation of
bromate without complicated preparation procedure, which makes
the bromate removal more efficient and sustainable, and also gives a
guideline for the development of single crystal photocatalyst for bro-
mate photocatalytic reduction.
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