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Facile and rapid synthesis of a novel spindle-like
heterojunction BiVO,4 showing enhanced visible-
light-driven photoactivity

Fang-yan Chen,* Xi Zhang, Yu-bin Tang, 2 * Xin-gang Wang and Ke-ke Shu

A spindle-like monoclinic—tetragonal heterojunction BiVO, was successfully synthesized by a pressure-
controllable microwave method. The as-prepared BiVO4 samples were characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), UV-vis diffuse reflectance spectroscopy (DRS), photoluminescence
(PL) spectroscopy, transient photocurrent responses and electrochemical impedance spectroscopy (EIS).
The visible-light-driven photocatalytic activity of the BiVO,4 samples was evaluated for the degradation of
Rhodamine B (RhB) and tetracycline (TC). The synthesis process needs microwave irradiation for only
10 min without the addition of any auxiliary reagent, pH adjustment, and calcination. The as-prepared
spindle-like monoclinic—tetragonal heterojunction BiVO,4 exhibits excellent photocatalytic activity for the
degradation of both RhB and TC. The photocatalytic degradation rates of RhB and TC over spindle-like
BiVO, are 1.77 and 1.64 times higher, respectively, than that measured over monoclinic BiVO,4. The
enhanced photocatalytic activity is mainly attributed to the fact that the existence of a heterojunction
effectively promotes the separation of photo-generated carriers and extends the visible-light absorption

rsc.li/rsc-advances of BiVOy,.

Introduction

Over the past decades, photocatalysts have attracted consid-
erable attention in the field of energy and environment.*”* Due
to its high stability, low cost, non-toxicity and strong response
to ultraviolet light, semiconductor oxide TiO, has been
considered as an effective photocatalyst. However, the broad
applications of TiO, are restricted because it can only utilize
the ultraviolet (3-4%) fraction of the solar energy.®” As a result,
many researchers have been concentrating on investigating
photocatalysts with visible-light-driven activity. BiVO, with
a narrow band gap exhibits strong absorption of visible light
and has been recognized as a promising visible-light-driven
photocatalyst for the degradation of pollutants and water
splitting.®® As is known, BiVO, has three crystal types: tetrag-
onal zircon type, tetragonal scheelite type, and monoclinic
scheelite type. Of these, tetragonal zircon and monoclinic
scheelite types are considered to possess photocatalytic
properties. Tetragonal zircon type bismuth vanadate (t-BiVO,)
shows lower photocatalytic activity, while monoclinic bismuth
vanadate (m-BiVO,) exhibits higher activity. Nevertheless,
poor adsorption performance and rapid recombination of
photo-induced electrons and holes inhibit the efficient activity
of m-BiVO,. Therefore, various methods have been developed
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to improve the photocatalytic properties of BiVO,. Morpho-
logical control has been proven to be an effective approach to
enhance photocatalytic activity. Up to now, researchers have
prepared many kinds of BiVO, with specific morphologies,
such as tubular,’ one-dimensional band," rod-like,** two-
dimensional sheet-shaped,*® three-dimensional spherical,*
multi-layer flower-like," sandwich-like,** pumpkin-like,"” and
elliptical.” In addition, the construction of a monoclinic-
tetragonal heterojunction is an ideal means to increase the
photocatalytic activity.'*>' At present, BiVO, materials with
specific morphologies or monoclinic-tetragonal hetero-
junctions have been generally synthesized by the hydro-
thermal method that requires a very long time of more than 10
hours. Moreover, complicated processes, such as the use of
solvents or auxiliary reagents, pH adjustment, calcination, and
annealing treatment, are involved in hydrothermal prepara-
tions to obtain specific morphologies.

Microwave-assisted synthesis has been widely applied in
synthesizing nanoscale inorganic materials due to homoge-
neous nucleation and rapid crystallization. The microwave-
assisted preparation of the BiVO, photocatalyst has been re-
ported by a few researchers.””*® Nevertheless, the microwave-
assisted synthesis at normal pressure requires several hours.
Recently, it has been reported that BiVO, can be successfully
synthesized by a high-pressure microwave method.>*** The
microwave-assisted synthesis of BiVO, under a high pressure
can save reaction time and control morphology.

This journal is © The Royal Society of Chemistry 2020
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Herein, we report pressure-controllable microwave
synthesis of a spindle-like monoclinic-tetragonal hetero-
junction BiVO,. This synthesis method is facile and fast, only
taking about 10 minutes of reaction time, without the addition
of organic solvents and surfactants, adjustment of pH and
calcination.

Experimental section
Preparation of BiVO,

Here, 1.456 g of Bi(NO;);-5H,0 was dissolved in 30 mL of
deionized water and sonicated for 10 min to obtain solution A.
Then, 0.36 g of NavVO; was dissolved in 20 mL of deionized
water and sonicated for 10 min to obtain solution B. The solu-
tion B was added dropwise to the solution A under stirring. The
obtained orange-yellow suspension was stirred at room
temperature for 30 min and then transferred to a polytetra-
fluoroethylene digestion tank that was placed in a pressure-
controllable microwave digestion apparatus for irradiation for
10 min. During the microwave irradiation, the microwave
power, reactor pressure and reaction time were changed
according to a pre-designed procedure (stage 1: microwave
power 600 W, reactor pressure 5 kg cm™',?> reaction time
1.5 min; stage 2: microwave power 700 W, reactor pressure 10 kg
cm 2, reaction time 2 min; stage 3: microwave power 900 W,
reactor pressure 15 kg cm™ 2, reaction time 3.5 min; stage 4:
microwave power 900 W, the reactor pressure 20 kg cm™ 2,
reaction time 3.5 min). The yellow products obtained after stage
2, stage 3 and stage 4 were washed with absolute ethanol and
deionized water, dried at 80 °C, and marked as MB-2, MB-3, and
MB-4, respectively.

For comparison, a single-phase m-BiVO, sample was
prepared by the hydrothermal method and marked as HB. The
preparation method of HB was as follows: 9.7 g of Bi(NO;);-
-5H,0 was dissolved in 20 mL of 4 mol L™ HNO; solution to
form a transparent solution A. Then, 2.34 g of NH,VO; was
dissolved in 20 mL of 2 mol L' NaOH solution to obtain
solution B. The solution B was added dropwise to the solution A
under stirring and was further stirred for 2 hours at room
temperature. The pH of the mixture was adjusted to 7 with
NaOH to give an orange-yellow solution. The orange-yellow
solution was added to a 100 mL Teflon reactor and heated at
180 °C for 24 h. The product was naturally cooled to room
temperature, washed with water and ethanol several times, and
dried at 80 °C to obtain a BiVO, sample HB.

Characterization of BiVO,

The XRD patterns of the samples were recorded on a D8
Advance X-ray diffractometer (Bruker, Germany) using Cu-Ko.
radiation (A = 1.5406 A). The SEM and TEM images of the
samples were observed on an S-4800 field emission scanning
electron microscope (Hitachi, Japan) and a JEM-2100 trans-
mission electron microscope (Japan Electronics, Japan),
respectively. UV-vis diffuse reflectance spectra were obtained
on a UV-2550 UV-vis spectrophotometer (Shimadzu, Japan)
using BaSO, as a reflectance standard. The XPS spectra were
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collected on an ESCALAB-250i X-ray photoelectron spectro-
scope (Thermo Fisher Scientific, USA). PL spectra were recor-
ded on an F4500 fluorescence spectrometer. Transient
photocurrent responses and EIS of the sample were measured
on a CHI 660D electrochemical workstation (Chenhua
Instrument, China) with an FTO electrode deposited with
a catalyst as the working electrode using Na,SO, aqueous
solution of 0.1 mol L™" as an electrolyte under visible-light
illumination.

Photocatalytic activity test

The photocatalytic activity was evaluated for the degradation
of Rhodamine B (RhB) and tetracycline (TC) under visible-light
irradiation. Typically, 100 mg of BiVO, was added to 100 mL of
RhB or TC solution with a concentration of 5 mg L ™" and
stirred for 30 min in the dark for adsorption-desorption
equilibrium. Then, the solution was irradiated by a 300 W
xenon lamp with a 420 nm cut-off filter. Three mL of the
solution was sampled at 15 min intervals. The concentrations
of RhB and TC in the solution were analysed on a UV-Vis
spectrophotometer at the wavelengths of 554 and 357 nm,
respectively.

Results and discussion
XRD analysis

Fig. 1 shows the XRD patterns of the samples. The diffraction
peaks of HB are completely consistent with those expected for
m-BiVO, (standard card number JCPDS No. 14-0688), indicating
that BiVO, prepared by the hydrothermal method is a pure
phase of m-BivO,. In the XRD patterns of MB-2, MB-3 and MB-4,
not only the diffraction peaks at 18.5°, 28.8°, and 30.5°, but also
the peaks at 24.5°, 32.6°, and 39.5° appeared. The peaks at 18.5°,
28.8°, and 30.5° belong to the (110), (121), and (040) crystal
planes of m-BiVO,, respectively. In contrast, the diffraction
peaks at 24.5°, 32.6°, and 39.5° correspond to the (200), (112),
and (301) crystal planes of t-BiVO, (standard card number
JCPDS No. 14-0133). It is suggested that MB-2, MB-3 and MB-4
prepared at different reaction stages are the composites of m-
BiVO, and t-BiVO,. Moreover, compared with the diffraction
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Fig.1 XRD patterns of HB (a), MB-2 (b), MB-3 (c) and MB-4 (d).
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peak intensities of HB, MB-2, and MB-3, the diffraction peak
intensity of MB-4 at 18.5°, 28.8°, and 30.5° weakened with the
broadening of the peaks. According to formula (1),* the
proportions of tetragonal BiVO, in the MB-2, MB-3, and MB-4
composites were estimated to be 6.3%, 3.5%, and 23%,
respectively.

Ntetra = Itelra(200)/(Itetra(200) + Imono(lZl)) (1)

Here, newra represents the proportion of the tetragonal phase.
Letrazoo) and Imono(121) are the relative intensities of the
diffraction peaks of the tetragonal phase (200) and monoclinic
phase (121), respectively.

Thus, the XRD results indicated that BiVO, was obtained
only within 3.5 min under microwave irradiation with the
microwave reaction pressure increasing from 5 kg cm > to 10
kg cm 2. This is due to the acceleration of the precipitation
and crystallization of BiVO, under high-pressure microwave
conditions. Furthermore, microwave pressure plays a signifi-
cant role in the phase transition of BiVO,. By increasing the
reaction pressure and time, the transformation from m-
BiVO, to t-BiVO, was achieved. The probable reason is that m-
BiVO, was thermodynamically more stable under the condi-
tion of 5 kg cm > to 10 kg cm 2 pressure; thus, MB-2 obtained
in stage 2 mainly consists of m-BiVO,. In stage 3 and 4,
increased pressure resulted in partial dissolution-recrystal-
lization of m-BiVO, formed in stage 2 to form a composite of
m-BivVO, and t-BiVO,.

SEM and TEM

The morphology of the samples was investigated using SEM and
TEM (Fig. 2). The SEM image in Fig. 2(a) indicates that m-BiVO,
prepared by the hydrothermal method is in the form of flakes
with some agglomeration and size of about 1 pm.

Fig. 2(b-d) reveal that the BiVO, samples prepared by the
microwave method appear as spindle-like particles with a rough
surface and length of about 10 pm, which are constructed by the
assembly of many sheet-shaped particles of uniform diameter.
It was indicated that the spindle-like morphology was formed at
stage 2 with a microwave power of 700 W and a reactor pressure
of 10 kg cm 2. Nevertheless, the BiVO, sample MB-4 obtained in
stage 4 had more regular and perfect spindle-like morphology.
The TEM image of MB-4 (Fig. 2(e)) confirms the solid
construction of spindle-like BivVO,. Fig. 2(f) and (g) show the
high-resolution TEM images of MB-4. In Fig. 2(f), the crystal
planes with the lattice fringe spacings of 0.312 nm and
0.182 nm belong to the (121) plane of m-BivO, and the (400)
plane of t-BiVO,, respectively. The (121) plane of m-BivVO, is
evidently in close contact with the (400) plane of t-BiVO,.
Fig. 2(e) shows that the (110) plane of m-BiVO, is in close
contact with the (112) plane of t-BivO,. Therefore, it is
concluded that the heterojunction is formed between m-BiVO,
and t-BiVO,.
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Fig. 2 SEM images of HB (a) and MB-2 (b), MB-2 (c), MB-4 (d). TEM
image of MB-4 (e) and HRTEM images of MB-4 (f and g).

X-ray photoelectron spectroscopy (XPS) analysis

X-ray photoelectron spectroscopy (XPS) was conducted to inves-
tigate the chemical state and surface composition of the sample.
The XPS spectra of MB-4 based on C1s are presented in Fig. 3.

It is observed from the XPS survey spectrum (Fig. 3(a)) that
MB-4 consists of Bi, V and O. In the high-resolution spectrum
of Bi (Fig. 3(b)), the peaks at 159.2 eV and 164.5 eV are assigned
to Bi 4f7/2 and Bi 4f5/2, respectively, which indicates that the
bismuth element in the spindle-like BiVO, exists as Bi**.?” The
peaks at 523.9 eV and 516.6 eV in Fig. 3(c) are characteristic
spin-orbit splitting signals of V 2p1/2 and V 2p3/2, respec-
tively, suggesting that all the vanadium species in the BiVO,
sample are present in the pentavalent state.”® The O1s spectra
(Fig. 3(d)) can be differentiated into two peaks with the
binding energies of 529.8 eV and 531.2 eV, which are attrib-
uted to the lattice oxygen of BiVO, and adsorbed oxygen such
as surface-adsorbed 'OH and H,O, respectively. It is univer-
sally known that higher adsorbed oxygen means more oxygen
vacancies, which will result in the enhancement in the pho-
tocatalytic activity.”

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 XPS survey spectra of MB-4 (a) and high-resolution XPS spectra
of Bi 4f (b), V 2p (c), O 1s (d).

BET surface area

The N, adsorption-desorption isotherm and the Barrett-Joy-
ner-Halenda plot for the pore size distribution of MB-4 are
shown in Fig. 4.

As seen in Fig. 4, the pores have a diameter of 10-80 nm; the
average pore diameter is 32.204 nm. Based on the Brunauer—
Emmett-Teller (BET) model, the surface area of MB-4 is esti-
mated to be 1.596 m* g~'. The small specific surface area is
perhaps due to the fact that MB-4 is a large micron-sized
particle, which is tightly assembled by a large number of
nanosized sheet-shaped BiVO,.

UV-vis diffuse reflectance spectroscopy (DRS)

The optical absorption property of a semiconductor is consid-
ered as a crucial factor for its photocatalytic performance. UV-
vis diffuse reflectance spectroscopy was used to detect the
optical response characteristics of the sample. Fig. 5(a) shows
the UV-vis diffuse reflectance spectra of HB and MB-4. As seen
from Fig. 5(a), both the samples display strong absorption in
the visible-light region, which is due to the migration of an
electron from the Bi 6s and O 2p orbitals to the V 3d orbitals.*
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Fig. 4 Nitrogen adsorption—desorption isotherm and pore size
distribution plot of MB-4.
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Fig. 5 UV-vis diffuse reflectance spectra of HB and MB-4.

The absorption edge of HB is around 520 nm, while the
absorption edge of MB-4 shifts to 550 nm. It is concluded that
the spindle-like BiVO, heterojunction synthesized by the
microwave method has superior visible-light response charac-
teristics to those of m-BiVO,.

The band gap values of a semiconductor can be estimated by
the Tauc formula ahv = A(hv — E,)"”, where « is the absorption
coefficient, 2 is the Planck constant, and » is the optical
frequency; A is a constant and E, is the band gap energy of the
semiconductor.** For BiVO,, a direct bandgap semiconductor,
the value of n is 1.** According to the Tauc formula, a plot of
(ahv)® versus (hv) is obtained and shown in Fig. 5(b). The E,
values of m-BiVO, and spindle-like BiVO,, obtained from the
intercept of the tangent of the curve of («hv)* versus (hv) on the
X-axis, are 2.43 eV and 2.41 eV, respectively. The band gap of
spindle-like BiVO, is less than that of m-BiVO,.

The conduction and valence band potentials of a semi-
conductor can be determined by following eqn (2) and (3):****

EVB =X- Ee + OSEg (2)
ECB = EVB - Eg (3)

Here, Eyg and Ecg are the conduction and valence band
potentials, respectively. E, is the band-gap energy of the semi-
conductor, E. is the energy of the free electrons on the hydrogen
scale (about 4.5 eV), and X is the electronegativity of the semi-
conductor. The X value for BiVO, is 6.04 eV. According to eqn (2)
and (3), the conduction and valence band potentials of m-BivO,
are obtained as 0.32 eV and 2.75 €V, respectively.

Photocatalytic property

The photocatalytic property of the as-prepared BiVO, was eval-
uated for the degradation of RhB and tetracycline (TC) under
the irradiation of visible light. Fig. 6(a) shows that the degra-
dation rate of RhB over MB-4 is high and up to 90.8% after
180 min of irradiation. However, the degradation rate of RhB
over HB is 70.9%. Fig. 6(b) reveals that the degradation rate of
TC over MB-4 is 78.9% within 180 min, while the degradation
rate of TC over HB is 61.9%. For the degradation of both RhB
and TC, the photocatalytic activity of the spindle-like hetero-
junction BiVvO, (MB-4) is significantly higher than that of single-
phase m-BiVO, (HB). Hence, the spindle-like heterojunction
BiVO, exhibits excellent photocatalytic activity for the degra-
dation of RhB and TC.
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Fig. 6 (a) Photodegradation of RhB, (b) photodegradation of TC under

visible light, (c) kinetics of degradation of RhB and (d) kinetics of
degradation of TC.

It is well-known that the photocatalytic degradation of
organic pollutants follows apparent first-order Kkinetics
expressed as eqn (4).*

In(C/Cy) = —kt (4)

Here, C, and C; represent the concentrations of RhB at the
initial time and ¢ time, respectively; k is the apparent reaction
constant. As can be seen from Fig. 6(c), the k value of RhB over
MB-4 is 0.0129 min~", which is 1.77 times higher than that of
RhB over HB. Fig. 6(d) indicates that the k value of TC over MB-4
is 0.0084 min ', which is 1.64 times higher than that of TC over
HB. Compared with the photocatalytic activity of HB, the
enhanced photocatalytic activity of MB-4 is probably due to the
surface-phase junctions formed between m-BiVO, and t-BiVO,
and the red shift in the absorption edge of MB-4.

To evaluate the stability of spindle-like BiVO,, cyclic degra-
dation experiments were carried out and the results are shown
in Fig. 7. It can be found that the photocatalytic activity of the
spindle-like BiVO, does not decrease even after four cycling
runs, confirming its excellent stability and reusability under
visible light.

0 40 80 120 160 200 240 280 320 360
Time (min)

Fig. 7 Recycling runs of the spindle-like BiVO, for photocatalytic
degradation of RhB.
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Photoluminescence (PL) spectra

To probe a possible reason for the higher photocatalytic activity
of MB-4, PL spectra were obtained to investigate the recombi-
nation probability of electron-hole pairs. Fig. 8 gives the PL
spectra of HB and MB-4. As shown in Fig. 8, the PL spectra of
MB-4 and HB are substantially similar, and a strong emission
peak is observed at about 708 nm. However, compared with the
observation for HB, the PL emission intensity of MB-4 weak-
ened, suggesting that the recombination of electrons and holes
in the spindle-like BiVO, was effectively inhibited.

Transient photocurrent responses and EIS

In order to further investigate the separation and transfer of
photo-induced charges, transient photocurrent responses and
EIS studies were conducted. Fig. 9(a) gives the transient
photocurrent response of MB-4 and HB. MB-4 exhibits
remarkably higher photocurrent than that shown by HB, indi-
cating more efficient separation of electron-hole pairs in
spindle-like BiVO,.** Fig. 9(b) shows the EIS results of MB-4 and
HB. It is found that MB-4 has an obviously smaller radius than
HB, further confirming that the charge transfer in spindle-like
BiVO, is significantly faster than that in pure m-BiVO,. It is
because the interface of tetragonal-monoclinic heterojunction
can promote the separation of photo-generated electron-hole
pairs.?*¢ Thus, the relatively high photocatalytic activity of MB-
4 is mainly attributed to a smaller recombination rate of photo-
induced carriers and its better optical absorption capacity.

Detection of active species

To further explore the probable mechanism of charge carriers
transferring in MB-4, the active species produced during the
photocatalytic degradation of RhB over MB-4 were identified by
a free radical trapping test. EDTA-2Na, isopropanol, and p-
benzoquinone were selected as scavengers to be added into the
RhB solution to remove the holes (h*), hydroxyl radicals ("OH)
and superoxide radicals (‘O, "), respectively. The photocatalytic
activity of RhB in the presence of scavengers is given in Fig. 10.
As can be seen, the addition of EDTA-2Na results in a significant
decrease in the photocatalytic degradation of RhB. In the
presence of p-benzoquinone, the photocatalytic activity of the
MB-4 sample is slightly inhibited. However, the degradation of
RhB has no obvious decrease when isopropanol is used as

——HB
—— MB-4

Intensity (a.u.)

T T T T
600 650 700 750 800 850
Wavelength (nm)

Fig. 8 Photoluminescence spectra of HB and MB-4.
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Fig. 10 Photodegradation of RhB over MB-4 in the presence of
different scavengers.

a scavenger. Therefore, it is indicated that the holes mainly
account for the degradation of RhB.

Probable mechanism

According to our experimental results, Ecg and Eyg of m-BiVO,
are 0.32 eV and 2.75 eV, respectively. In contrast, Ecg and Eyg of
t-BiVO, have been reported in a reference to be 0.24 eV and
2.84 eV, respectively.** Based on the results about the conduc-
tion band and valence band potentials, transient photocurrent
responses and active species, the possible charge migration
during the photocatalytic degradation of RhB is speculated and
shown in Fig. 11. Both m-BivO, and t-BiVO, are excited by

r\ e e e e CB=0.24eV

tight
interface
junction

dyes productst h*h*h*h* VB=2.84eV

BiVO,

Fig. 11 Illustration of probable charge transfer on the interface junc-
tion of m-BiVO4 and t-BiVO,.

This journal is © The Royal Society of Chemistry 2020
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visible light to generate electrons and holes. The photo-
generated electrons on the conduction band of t-BiVO,
migrate to the conduction band of m-BiVO, because the
conduction band of m-BiVO, is below the conduction band of t-
BiVO,. At the same time, the photo-induced holes on the
valence band of t-BiVO, can be easily transferred to the valence
band of m-BiVO,. Consequently, the photo-generated electron—
hole pairs are effectively separated. The holes with significantly
positive potential on the surface can directly oxidize RhB.

Conclusions

A spindle-like BiVO, was successfully synthesized using a pres-
sure-controllable microwave method. The synthesis process was
facile and rapid without the addition of any auxiliary reagent,
adjustment of pH and annealing. It is found that the as-
prepared spindle-like BiVO, is a heterojunction composed of
monoclinic scheelite BiVO, and tetragonal zircon BiVO,. The
existence of a heterojunction effectively promotes the separa-
tion of photo-generated carriers, which enhances the activity of
spindle-like BiVO, compared to that of monoclinic phase
BiVO,. The photocatalytic degradation rates of RhB and TC over
spindle-like BiVO, are 1.77 and 1.64 times higher, respectively,
than that over monoclinic BiVO,. Under visible-light illumina-
tion, the photo-induced electrons from the conduction band of
t-BiVO, migrate to the conduction band of m-BivO,, while the
photo-generated holes from the valence band of t-BiVO, are
transferred to the valence band of m-BiVO,. In this way, the
photo-generated electron-hole pairs are effectively separated.
The holes on the surface directly degrade RhB and TC.
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