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Abstract

The visible-light responsive BiVO,/TiO, core—shell heterojunction photocatalyst was prepared by precipitation method. The
crystal structure and optical properties of the samples were characterized. The XRD results indicated that the vector was
anatase TiO,. EDS, XPS and XRD showed that BiVO, was coated on the surface of TiO,. SPV and UV-Vis spectra certified
that the BiVO,/TiO, photocatalyst possessed better absorption in the visible-light region (425—470 nm). The optical band
gap of BiVO,/TiO, photocatalyst ranged from 2.38 to 2.14 eV and decreased with the BiVO, amount increase from 2 to
6 mmol L™'. Compared to TiO,, the BiVO,/TiO, photocatalyst exhibited much higher photocatalytic activity in degradation
of methyl orange under visible light irradiation and lower photocatalytic activity in UV-light. Moreover, the effect of the
different in formation mechanism of TiO,/BiVO, and BiVO,/TiO, on the photocatalytic activity was investigated in detail.
The photocatalytic mechanism of BiVO,/TiO, core—shell structure was discussed, which indicated that photoelectron reduc-
tion was the major degradation mechanism in this system. When TiO, particles were properly coated with BiVO, layer and
the Bi/Ti molar ratio of 1:32, the composite photocatalyst could absorb UV-light and visible light at the same time, so the
BiVO,/TiO, core—shell heterojunction photocatalyst had the optimal photocatalytic activity in visible light irradiation, which
was attributed to the spatial transfer of visible-excited high-energy electrons from TiO, to BiVO,.
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1 Introduction

Electronic supplementary material The online version of this With the development of scientific research, photocatalytic
article (https:/doi.org/10.1007/s10904-019-01217-w) contains technology is widely used in environmental pollution and
supplementary material, which is available to authorized users. organic degradation [1-3]. Traditional large energy gap
photocatalyst such as TiO, [4-6], ZnO [7, 8] and WO; [9,
10] cannot meet the requirements of the practical appli-
cation. The modification of traditional photocatalyst and
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development of new composite photocatalytic materials have
attracted many researchers’ attention [11-14]. BiVO, is an
environment-friendly semiconductor material that has mon-
oclinic scheelite crystal with a band gap width of 2.40 eV
[15-17]. In addition, in view of the interaction between
Bi(6s) and O(2p) orbitals at the top of the valence band,
BiVO, behaves a strong response to visible-light [18, 19],
which give rise to the excellent photocatalysis activity and
has good properties of visible-light induced photochemi-
cal hydrolysis [20-23] and organic compound degradation
[24-27]. Therefore, how to prepare new-type composite pho-
tocatalyst has become one of the research fields.

At present, there were two kinds of composite photocata-
lysts, TiO,/BiVO, and BiVO,/TiO,, which are prepared by
BiVO, and TiO, as vector respectively. TiO, is a sensitizer
and BiVO, is a vector in TiO,/BiVO, composite photocata-
lyst. On the contrary, BiVO, in BiVO,/TiO, is a sensitizer
and TiO, is a vector. A vector is a material that is loaded
with certain trace substances/sensitizers to participate in
chemical or physical processes. Xie et al. demonstrated that
the photogenerated charge carriers in the TiO,/BiVO, nano-
composite by hydrothermal method with a proper mole ratio
(5%) displayed much longer lifetime and higher separation
than those in the BiVO, alone [28]. Jung et al. reported the
Si/Ti0,/BiVO, heterojunction films of photocurrents for
solar water oxidation, herein, heterojunction photoanodes
of Si and BiVO, could increase the efficiency of charge
separation and reduce the onset potential of the photocur-
rent in a dual-absorber system [29]. Zhang et al. prepared
the 3D FTO/Ti0,/BiVO, opal network photoanode with
excellent photoelectrochemical performance by deposition
method, which was owing to improving charge transport
and separation efficiency [30]. Bian et al. researched that
the exceptional photocatalytic activity of the 2D Au/TiO,/
BiVO, nanoflakes was comprehensively attributed to greatly
enhanced charge separation, and the produced H atoms were
dominant active radicals to initiate the conversion of CO,
[31]. In addition, TiO,/BiVO, nanowire heterostructure
photoanodes [32] and TiO,-BiVO, heterostructure in PEC
biosensing [33] have been applied. Obregon et al. used the
impregnation method to synthesize square rods and needle-
like particles Er3+—BiVO4/TiO2 ternary complexes, and the
experiment results showed that the Er**-BiVO,/TiO, mate-
rials had good photoactivity [34]. Hu et al. synthesized a
wideband responsive BiVO,/TiO, heterostructure material
by sol-gel method, and the photodegradation results showed
that the sample had good activity [35]. Zalfani et al. pre-
pared novel 3DOM BiVO,/TiO, nanocomposites by hydro-
thermal method, and the results showed that 3DOM BiVO,/
TiO, nanocomposites exhibited honeycomb-like shapes and
possessed a highly prolonged lifetime of the photocatalysis
degradation of RhB and increased separation of visible-light
generated charges [36]. Wang et al. synthesized a novel
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visible response BiVO,/TiO,(N,) nanotubes photoanode for
photoelectrocatalytic applications, and the nitrogen-treated
TiO, nanotube showed a high carrier concentration rate, thus
resulting in a high efficient charge transportation and low
electron—hole recombination rate in the TiO,-BiVO, [37].

In the above reported studies, the TiO,/BiVO, or BiVO,/
TiO, composite photocatalyst with special morphology can
improve the efficiency of charge separation and has higher
photocatalytic activity. However, owing to the complex
photocatalytic process, it is very important to analyze the
crystal structure and photocatalytic mechanism for improv-
ing the photocatalytic efficiency of BiVO,/TiO,. Besides,
considering the fact that the morphological diversity of
inorganic materials has a significant impact on functional
diversification and potential application, there is still a huge
potential for BiVO,/TiO, composite to improve the photo-
catalytic activity by optimizing the preparation process to
control the morphology, structure and surface properties.
The synergistic effect between different components of
nanoparticles in the core—shell structure can improve the
photelectrons mobility. Moreover, the sensitizer is covered
on the surface of the vector in the core—shell structure, and
the vector material is more stable. The two materials in the
heterojunction structure have different energy band gaps, and
the light-response range of the semiconductor can be broad-
ened by adjusting the energy band gaps and the thickness of
material layer. In this work, TiO, was used as a vector, with
BiVO, layers on the surface act as a sensitizer to absorb
photons and excite electron—hole pairs, and the visible-light
responsive BiVO,/TiO, core—shell heterojunction photo-
catalyst had been synthesized by precipitation method. The
morphology, structure and photocatalytic properties of the
photocatalyst were researched. Furthermore, the formation
process of BiVO,/TiO, core—shell heterojunction photocata-
lyst was deduced, and the different between the formation
mechanism of TiO,/BiVO, and BiVO,/TiO, was discussed
in detail. In further research, the photocatalytic mechanism
of the BiVO,/TiO, core—shell structure was discussed and
band-edge potential positions were calculated. The research
revealed that the photoelectron reduction was the main factor
in the degradation of organic compounds by BiVO,/TiO,
photocatalyst.

2 Experimental
2.1 Material Preparation

The TiOSO, was commercial pure and other chemicals
were analytical pure without further purification. In a typi-
cal procedure, a certain amount urea (CO(NH,),) was added
to 0.2 mol L™! of TiOSO, solution with the Ti:NH; molar
ratio of 1:2, which was stirred for 5 h under 95 °C to obtain
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the precursor (TiO(OH),), and TiO, was prepared by heat
treatment of the precursor at 500 °C for 2 h. Quantitative
Bi(NOj3);-5H,0 and NH,VO; were respectively dissolved
into 30 mL deionized water to form two transparent solu-
tions with agitation for 45 min. The above solutions were
mixed together with the Bi:V molar ratio of 1:1. And then,
an appropriate amount of TiO, powder was added to the
mixed solution. The precursor of composite photocatalyst
was obtained by adjusting pH to 7 with diluted ammonia
solution (NH5-H,0O) and was stirred continuously for 2 h
under room temperature. The BiVO,/TiO, core—shell hetero-
junction photocatalyst was synthesized with heat treatment
of the reaction products at 400 °C for 2 h. The sample is
abbreviated as BT-X, and X represents the amount of BiVO,
(X mmol L™1). The flow chart for preparing BiVO,/TiO,
photocatalyst was shown in Fig. 1.

2.2 Characterization

The micro morphology of the sample was observed by scan-
ning electron microscope (SEM, JSM-7800F, Japan), and a
large area energy dispersive spectrometer (EDS, X-Max",
Britain) was used to analyze the composition of the sam-
ple. The optical absorption properties of the samples were
conducted by the surface photovoltage spectroscopy (SPV,
PL-SPS/IPCE 1000, China) in air ambient at room tempera-
ture with the wavelength range of 300-550 nm. The phase
structure was characterized with X-ray diffraction (XRD, D/
MAX-Ultima IV, Japan), with a source of Cu-K,, radiation
(A=0.15406 nm). Fourier transform infrared spectroscopy
(FTIR, Thermo Nicole 380, America) was used to deter-
mine the changes of surface functional groups of the sample
with the wavenumber range of 4000—400 cm™'. The surface

[02mol L' TiOSOs|  [CONH2z|  [Bi(NOs):-5H20| [ NHsvOs]
Ti:NHs = 1:2 dissolve dissolve
stirred at 95 °C
washed and dried Bi:V=1:1

stirred for 45 min

heat treatment at 500 °C for 2 h

mixed solution

add |

ajusting pH=7 and
continuous stirred for 2 h

precursor of composite photocatalyst |

heat treatment at 400 °C for 2 h

BiVO4/TiO2

Fig. 1 The flow chart of preparation of BiVO,/TiO, core—shell het-
erojunction photocatalyst

elements and their chemical states were characterized by
X-ray photoelectron spectroscopy (XPS, ESCALAB 250X,
America) with the energy analysis range of 0-1200 eV. The
UV-Vis light absorption was studied by UV—-Vis spectra
(Cary 5000, America) in room temperature. The absorb-
ance of methyl orange aqueous solution was measured with
a UV-Vis spectrophotometer (UV-7230G, China) at the
maximum absorption wavelength (505 nm) to determine
the photocatalytic activity of the samples. The photoelec-
trochemical properties of the samples were tested by a three-
electrode system of electrochemical workstation (CHI 760E,
America).

2.3 Photocatalytic Experiment

The discoloration of the photocatalysis degradation of
methyl orange (MO) was used to investigate the photocata-
lytic activity of the samples. The reaction temperature was
maintained at room temperature. Typically, 0.1 g photo-
catalyst powders were placed in 25 mL MO (10 mg L™},
pH 3) and the suspension was stirred in the dark for 1 h to
ensure adsorption/desorption equilibrium before light on.
After UV-light (30 W, A, .. =365 nm) or visible-light (30 W,
A>420 nm) was switched on, the absorbance of MO was
measured at a given time intervals, with UV-Vis absorp-
tion spectra at maximum absorption wavelengths of 505 nm.
Finally, the photocatalytic activity of the product was char-
acterized by photocatalysis degradation (1)) determined by
using the following equation.

n=(1-A,/Ay) x100%

where A, and A, are the initial and final MO absorbance,
respectively.

3 Results and Discussion

In order to determine whether anatase TiO, is suitable as a
vector, we have studied its crystal structure first. The ball-
stick model shows that the atoms are connected with each
other by the Ti—O bond and arranged regularly to form a
complete group of TiO, molecules (Fig. 2a,), and the coor-
dination number of Ti*" ions is 6, forming TiO4 octahedron
and filling 50% of octahedral voids. The coordination num-
ber of O*~ ions is three, forming an OTi, plane delta group
(Fig. 2b,). From Fig. 2a, and b,, we can see that 0%~ is
situated at the vertices of the unit cell to form a face-cen-
tered cubic packing with Ti** filling in body-centered of the
octahedron and the space utilization rate is 74.05%. Anatase
TiO, octahedron shows obvious skew square crystal distor-
tion, and each octahedron is connected with around six octa-
hedra in the form of four edge-shared and two corner-shared
[38, 39]. It can be seen from Fig. 2¢, that the coordination
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Fig.2 Crystal structure of anatase TiO, and BiVO,. a;, b; TiO, stick model; a,, b, the chains of TiOg octahedron in TiO,; ¢;, d; BiVO, stick

model; ¢,, d, the chains of VO, tetrahedron in BiVO,

number of Bi**, V>* and O~ in the BiVO, structure are 6,
4 and 2, forming BiOg4 oblique octahedron, VO, regular tet-
rahedron and OVBi, plane delta group. BiVO, forms unique
molecular chains on the [010] direction (Fig. 2c;), and the
molecular chains aren’t connected with each other. A com-
plete structural chain is formed in the [001] direction, and
the structural chain is connected regularly to form a stable
crystal layer (Fig. 2d,). Figure 2c, and d, shows that a poly-
hedron model is established with V element at the center of
the crystal structure of BiVO,. The VO, group is tetrahedron
as shown in Fig. 2c, and the Bi atom is connected with the
around six tetrahedrons by Bi—O bond.

According to the research of Spek [40], in order to ensure
the accuracy of the research results, it is necessary to estab-
lish and study the crystal structure of the product, and upon
which subsequent research can be built. In photocatalytic
system, the crystal structure is one of the factors that influ-
ence the carriers transport and photocatalytic activity in the
photocatalytic process [41, 42]. As can be seen from the
analysis of Fig. 2, the octahedra of TiO, crystal structure

are connected with each other to form a complete structural
chain, which is more suitable as a vector. The crystal struc-
ture of the BiVO, forms molecular chains and it is easier
to form a lamellar morphology. Therefore, BiVO, can be
used as a sensitizer coated on the surface of TiO, to prepare
BiVO,/TiO, core—shell heterojunction photocatalyst.

Figure 3 shows two formation mechanisms of composite
photocatalyst prepared from BiVO, and TiO,. The common
composite photocatalyst is TiO,/BiVO,, and TiO, grows on
the BiVO, layer surface as a sensitizer, which the formation
process is shown in Fig. 3a. The photocatalytic activity of
TiO,/BiVO, nanocomposite is attributed to the unusual spatial
transfer of visible-excited high-energy electrons from BiVO, to
TiO, [28-33]. However, the photocatalyst prepared in this way
is unstable and does not guarantee the uniform growth of TiO,
on the BiVO, surface. So we prepared BiVO,/TiO, core—shell
heterojunction photocatalyst by using the method of Fig. 3b,
with TiO, as a vector and BiVO, as a sensitizer. In the process
of synthesis, BiVO, can grow on the TiO, surface more evenly
and form stable core—shell structure photocatalyst.

Chemical equations for the preparation of TiO,.

A
TiOSO, + CO(NH,), + 3H,0— TiO(OH), | +(NH,),S0, + CO, 1 M

@ Springer
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The chemical equation for the preparation of BiVO, is
as follows.

from NH,VOj;. The by-products of the synthesis process are
common salts that do not cause environmental pollution dur-
ing subsequent processing. The main products are TiO, and

Bi(NO;), - 5H,0 + NH,VO; + 2NH; - H,0 — BiVO, | +3NH,NO; + 6H,0 (3)

It can be seen from Fig. 3b that the S—-O-Ti bond of
TiOSO, in solution breaks down to form TiO**, and TiO**
combines with OH™ to form TiO(OH),. During the heat-
treatment of TIO(OH),, the TiOg octahedrons are connected

BiVO,. The nucleation layer of BiVO, is crystallized and
wrapped on the TiO, particles surface by the oriented attach-
ment mechanism. It is worth noting that BiVO, does not
fully encapsulate TiO,, and this incomplete encapsulation
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Fig.4 SEM of a TiO,, b BT-2,
¢BT-4 and d BT-6
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Fig.5 XRD spectra of the samples

is one of the main factors affecting the BiVO,/TiO, photo-
catalytic performance.

The morphology of TiO, particle is regularly spherical
with rough surface, and the dispersion between the parti-
cles is good (Fig. 4a). BiVO,/TiO, samples have smooth
surface and layered structure, which indicates that BiVO,
is formed on the surface of TiO,. When the amount of
BiVO, is increased from 2 to 6 mmol L™, the BiVO, layer
is coated on the surface of TiO, and the exposed surface of
TiO, is decreased (Fig. 4b—d). It can be observed that the
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Fig.6 FTIR spectra of the samples

particle size distribution of the sample is more uniform, and
their average particle sizes are 1.07 pm, 1.65 pm, 1.72 pm
and 2.05 pm (Fig. S1 of the Supporting Information). The
average particle size of the BiVO,/TiO, is raised with the
increase of BiVO, amount. The surface composition of BT-2
is further studied and detected by EDS. The result indicated
the presence of Bi, V and Ti elements at point A and B of the
sample (Fig. S2 of the Supporting Information), and the ratio
of Bi:V is about 2:3 and 1:2. So it can be speculated that
BiVO, and other vanadium-containing oxides are formed.



Journal of Inorganic and Organometallic Polymers and Materials (2020) 30:775-788 781

The samples of BT-2 to BT-15 are anatase TiO, (JCPDS
No. 21-1272), and no characteristic peaks of monoclinic
or tetragonal BiVO, are found in the XRD pattern (Fig. 5).
It may be considered that the amount of BiVO, incorpo-
rated is too small or the coating layer is too thin, so that
the presence of BiVO, cannot be detected by XRD. How-
ever, BT-20 shows two weak intensity diffraction peaks of
at 28.04° and 29.02° correspond to the (111) plane of Bi,O,
(JCPDS No. 27-0052) and the (— 121) plane of monoclinic
BiVO, (JCPDS No. 14-0688). This is consistent with the
XRD spectrum of BiVO, (Fig. S3 of the Supporting Infor-
mation), so it can be confirmed that the sample prepared by
precipitation method is BiVO,/TiO,.

Figure 6 displays the FTIR spectra analysis for BiVO,/
TiO, and TiO,. The absorption peaks of all samples at
range of around 3734 cm™!, 2360-2341 cm™!, 1541 cm™!
and 1399 cm™! are attributed to O—H stretching vibration.
A weak peak at 3338 cm™! possibly related to O—H stretch-
ing broad, and a peak of TiO, to BT-8 around 3123 cm™! is
attributed to OH groups. The O—H bonds and OH groups
of the samples are mainly derived from adsorbed water. A
prominent broad peak around 669 cm™! is corresponding to
Ti—O-Ti and Ti-O stretching vibration modes. It is note-
worthy to mention that the additional peaks of the BiVO,/
TiO, samples in the range of 1339 cm™" and 669 cm™ cor-
respond to Bi—O asymmertric vibration and Bi—O bending
vibration. From the analysis results of the FTIR spectra, it is
also confirmed that the sample prepared by the precipitation
method is the BiVO,/TiO, photocatalyst.

Figure 7 shows UV—Vis absorption spectra of BiVO,/
TiO, core—shell heterojunction photocatalyst. As illustrated,
pure TiO, only presented absorbance in the UV-light region,
with an absorption edge of 410 nm. While other samples
exhibited better absorption in the UV-light and visible-light
regions. It can be considered that the BiVO, layer caused

10|
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L \ L 1 1
300 400 500 600 700 800
Wavelength (nm)

Fig.7 UV-Vis absorption spectra of the samples, and inset graph
shows the band gap energies

a red shift in absorption edge of the composite photocata-
lyst, but the absorption intensities of BiVO,/TiO, is lower
than pure TiO, in UV-light region. The efficient visible-light
absorption abilities of the BiVO,/TiO, ensured that it can
generate sufficient electron—hole pairs under visible light
irradiation. The optical band gap for the semiconductor
photocatalyst was estimated using the following equation
[43-45].

Ahv = a (hv - E,)"?

where A is the absorption coefficient near the absorption
edge; h is the Plank constant with the unit of eV; a is a
constant; E, is the absorption band gap energy; n depends
on the characteristics of the transition in a semiconductor.
BiVO, has a direct band gap, and n is 1 [45]. For TiO,, the
value of n is 4 for the indirect transition [46]. The band gap
of TiO, is found to be about 3.10 eV. As can be seen from
Fig. 7, TiO, is an UV-light responsive catalyst material, and
BiVO, is a visible light-responsive material. The BiVO,/
TiO, core—shell heterojunction photocatalyst prepared with
TiO, as a vector is an UV-light responsive material. BiVO,
as a sensitizer to reduce the band gap of the heterojunc-
tion and broaden its photoresponse range. Therefore, the
BiVO, layer causes a red shift of the absorption edge of the
composite photocatalyst, and causes the absorption intensi-
ties of BiVO,/TiO, to be lower than pure TiO, in the UV
light region. It is found that the band gap of BiVO,/TiO,
core—shell heterojunction photocatalyst ranged from 2.38 to
2.14 eV and decreased with the BiVO, amount increased
from 2 to 6 mmol L™, BiVO, is a visible light-respon-
sive material with a band gap about 2.37 eV. The BiVO,
nanocrystals grow uniformly on the surface of TiO, to form
a BiVO,/TiO, core—shell heterojunction. The interfacial
interaction between BiVO, and TiO, causes the band gap of
BiVO,/TiO, core—shell heterojunction decreased with the
BiVO, amount increasing.

From Fig. 8a, it can be found that the surface of BT-6
is mainly composed of Ti, O, Bi, V and C elements, which
C element comes from the inevitable oil pollution of XPS
instrument. Four peaks Ti** 2p,, at 457.9 eV, Ti** 2p, , at
458.8 eV, Ti** 2p,, at 463.4 eV and Ti** 2p,,, at 464.5 eV
are obtained by fitting the Ti 2p binding energy of BT-6
(Fig. 8b). This indicates that Ti** exists in the BiVO,/TiO,
photocatalysts prepared by precipitation method. Fitting the
O 1s binding energy obtained two peaks, where the peak at
529.8 eV corresponds to Ti—O binding energy and the peak
at 530.8 eV corresponds to surface oxygen deficiency (O,)
binding energy (Fig. 8c). Two peaks are obtained by fitting
Bi 4f binding energy of 159.3 eV corresponds to Bi 4f;,,
and 164.7 eV corresponds to Bi 4f5,, (Fig. 8d). In Fig. 8e,
there are three peaks of V 2p at 512.8 eV and 516.7 eV,
which correspond to V 2p,,, and V 2p,,,. There are three
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Fig.9 Decolorization curve of MO degraded by samples under a vis-
ible light and b UV-light; plots of In(Cy/C) versus irradiation time for
MO representing the fit using a pseudo-first order reaction rate under

peaks at 285.0 eV, 286.5 eV and 288.6 eV in C 1s, which
are caused by oil pollution (Fig. 8f). XPS spectra show that
BiVO, exists on the surface of BT-6 samples.

Figure 9 shows the photocatalytic activity of BiVO,/
TiO, core—shell heterojunction photocatalyst under visible
light and UV-light. As the amount of BiVO, increases, the

@ Springer

c visible light and d UV-light; e photodegradation rates and f pseudo-
first order rate constants of the samples

photocatalytic activity of BT-2 to BT-12 under visible light
irradiation is gradually increased, while the photocatalytic
activity of BT-15 to BT-20 decreased (Fig. 9a). Among these
samples, the photocatalytic activity of BT-6 is the best, and
the decolorization rate of MO reached 42.43% after visible
light irradiation for 7 h, which is 14.71% higher than that of
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Table 1 Variation of refractive
index (n) and extinction
coefficient (g) of TiO, and n

Semiconductors 300 nm

420 nm 600 nm

BiVO, as a function of

wavelength [49, 50] 3.33

2.03

TiO,
BiVO,

0.89
6.30

2.62 0
1.94 5.70

2.40 0
1.93 5.30

TiO, under the same conditions. Interestingly, the photocata-
lytic activity of BiVO,/TiO, photocatalyst is lower than that
of TiO, under UV-light irradiation (Fig. 9b). The photodeg-
radation rates of BT-6 and TiO, reached 76.01% and 92.49%
respectively after UV-light irradiation for 7 h. The kinetics
of these photocatalytic reactions for low concentrations of
MO were estimated from the linear plots of In(Cy/C) against
irradiation time, as displayed in Fig. 9c and d. Where C,, is
the MO concentration before irradiation, C is the MO con-
centration after irradiation [47]. The pseudo-first order rate
constants (k, min~!), determined from the slopes of In(Cy/C)
against irradiation time, are 0.00140 min~! for TiO, and
0.00168 min~! for BT-6 under visible light. In comparison,
the apparent rate constants are 0.00618 min~! for TiO, and
0.00371 min~"! for BT-6 under UV-light. The photocatalytic
rate of BT-6 is 1.20 and 0.60 times of that of TiO, for deg-
radation of MO under visible light and UV-light. It can be
seen from Fig. 9e and f that BT-6 has the best photocatalytic
activity and apparent rate under both UV-light and visible
light irradiation. In conclusion, BiVO,/TiO, core—shell het-
erojunction photocatalyst can improve the photocatalytic
activity under visible light irradiation.

Owing to the light transmittance of BiVO, lower than
TiO, [48], the refractive index (n) and extinction coefficient
(e) of TiO, and BiVO, decreased with wavelength increase
from 300 to 600 nm [49, 50] (Table 1). When light illumina-
tion is on the surface of the material, the ability of incident
light to refraction and reflection is proportional to the refrac-
tive index of the material. The extinction coefficients of TiO,
and BiVO, at wavelength of 600 nm are 0 and 5.30 respec-
tively. The extinction coefficient is larger, the amplitude
attenuation of light irradiation on the surface of the sample is
faster, and less light is entered the sample interior. Therefore,
the morphology of BiVO, coated on the surface of TiO, will
affect the response of its active site to UV-light. When the
TiO, particles are completely coated with BiVO, layer, the
TiO, particles cannot absorb the UV-light and become dead
core, which resulted in the decrease of photocatalytic activ-
ity of BiVO,/TiO, core—shell heterojunction photocatalysts.
On the contrary, when the TiO, particles are partially coated
with BiVO, layer, BiVO,/TiO, can absorb both UV-light and
visible light, so BiVO,/TiO, core—shell heterojunction pho-
tocatalyst has the best photocatalytic activity. In this work,
the molar ratio of Bi/Ti in BT-6 is 1:32.

In order to study the carrier separation ability of the
BiVO,/TiO, photocatalyst, the photocurrent density—time
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Fig. 10 Photocurrent density-time curves of the samples under illu-
mination with 30 s light on/off cycles
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Fig. 11 SPV spectra of TiO, and BT-6 measured in air

(I-t) curve is characterized by a three-electrode electrochem-
ical system using the experimental parameters as Ref. [39].
As shown in Fig. 10, when the light is turned on or off, the
BT-6 photoelectrode has good photoresponse characteristics,
which indicates that BiVO,/TiO, core—shell heterojunction
structure is beneficial to the separation and transport of car-
riers, and the photoresponse speed is fast. The photocurrent
density of BT-6 is 8.73 pA cm™2. The photocurrent den-
sity of the BiVO, and TiO, photoelectrode is 2.45 pA cm™>
and 4.09 pA cm~2, respectively. Compared with BiVO, and
TiO, photoelectrode, the photocurrent density of BT-6 is
increased by 256.33% and 113.45%.
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SPV intensity can be used to evaluation the photocatalytic
activity of semiconductor. From Fig. 11, we can find that the
TiO, shows an obvious response in the UV-light region, and
the weak SPV signal in the visible-light region. The BT-6
shows an obvious response in the UV-light and visible-light
regions. The wavelength signals are negative for two sam-
ples, which indicates that the photoelectrons move preferen-
tially toward the surface of TiO, and BiVO,/TiO,. The width
and intensity of SPV response are different, which indicates
that there are obvious differences in surface state density
between TiO, and BT-6 photocatalysts. It is clear that the
surface of TiO, has fewer photoelectrons, while the surface
of BT-6 has more. This is due to the fact that the heterojunc-
tion structure of BiVO,/TiO, is more favorable for the sepa-
ration of photoelectrons and holes that can effectively form
the surface space charge region. The built-in electric field is
facilitated to separate of photoelectrons and holes, and the
more positive photovoltage signals significantly promotes
the more the surface net charge [51, 52].

Figure 12 is a schematic diagram of photo-induced car-
riers transport and degradation of MO by BiVO,/TiO,
core—shell heterojunction photocatalyst. Many studies have
shown that the energy band gap is 2.40 eV of BiVO, and
3.20 eV of anatase TiO,, and the Fermi level is close to
the conduction band. Hu et al. calculated the conduction/
valence band position of anatase TiO, and BiVO, (Table 2)
[35]. According to the energy level theory of semiconduc-
tors [53-55], the two materials must have the same Fermi
energy level when the heterojunction structure is synthe-
sized. In order to satisfy this condition, the energy level
structures of BiVO, and TiO, are changes. The low band
gap width of BiVO, electronic level will be reduced, and
the high band gap width of TiO, electron energy level will
be increased until the Fermi level reached the same energy
value (Fig. 12a). The work function of BiVO, (5.27 eV) is

Table 2 Energy band gap, conduction band and valance band edge of
TiO, and BiVO, [35]

Semiconductors Conduction band Valance band  Energy
edge (eV) edge (eV) band gap
(eV)
TiO, -0.20 3.00 3.20
BiVO, 0.40 2.80 2.40

higher than that of TiO, (4.90 eV) [56, 57]. When the het-
erojunction is formed by BiVO, and TiO,, in order to match
Fermi levels, the electrons transition from TiO, to the sur-
face of BiVO, and form a space charge layer between BiVO,
and TiO,. The surface of BiVO, is enriched in electrons, and
holes are formed inside TiO,. A space charge layer is formed
between TiO, and BiVO,. The semiconductor energy band
bends upward to form a loss layer, and the Schottky barrier
is formed on the interface of the heterojunction structure,
which effectively suppresses the photoelectron-hole recom-
bination and improves the photocatalytic activity of BiVO,/
TiO, [58].

The conduction band energy level of BiVO,/TiO,
core—shell heterojunction photocatalyst is less than the
chemical potential of ‘O, (0.57 eV), and this indicated that
photoelectron (e7) can reduce O, to ‘O,~. The valence band
edge of the BiVO,/TiO, core—shell heterojunction photocat-
alyst is higher than the oxidation potential of ‘OH (2.38 eV),
revealing that the photohole (h*) is able to oxidize OH™ to
yield ‘'OH [59, 60]. When light source irradiates the BiVO,/
TiO, core—shell heterojunction photocatalyst, both TiO, and
BiVO, absorb the illuminated light to generate electrons
and holes from the respective energy level in a dual-light
absorber system [29]. When the MO degraded by BiVO,/
TiO, core—shell heterojunction photocatalyst, photoelectrons
transfer from the conduction band of the high energy level to

Fig. 12 Schematic illustration a Energy scale
for a the energy band structure ——— CB — CB
qf the B1VO4/T102‘ heterojunc N _T _____ E ‘ CB == i 02/+0727(0.57eV)
tion and b mechanism of photo- v £ - Ef B Rt A= E¢

. . : \’ ! : 3.20eV
cgtalytlc Flegradatlon of MO by 1240 eV 13.20 eV :2,40 Y ‘ e OH'/-OH (238 eV)
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e VB VB ~ ]
BiVO: TiO: BiVO: TiO:
b
&/Adsoxption .
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. pH O
0% — 7

H»O +CO,
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the low one, that is from TiO, to BiVO, surface. In contrast
to the transmission of photoelectrons, photoholes transfer
from the valence band of the low energy level to the high
one, which from the BiVO, to the TiO, surface (Fig. 12b).
However, the light transmittance of BiVO, is lower than
TiO,. When MO adsorbed on the surface of BiVO,/TiO,
core—shell heterojunction photocatalyst, and only a few
of MO can be degraded by electron reduction on the TiO,
surface. Therefore, photo-induced carriers of BiVO,/TiO,
prepared in this study are mainly photoelectrons, which is
consistent with the characterization of the SPV spectra.

In order to further determine the primary active species
generated during the photocatalytic process over BiVO,/
TiO, core—shell heterojunction system, the capture agent
of benzoquinone (BQ) and disodium edetate (EDTA-2Na)
are used to capture superoxide ions (‘O,7) and holes (h*),
and the results are shown in Fig. 13. The adsorption of MO
on the samples with BQ and EDTA-2Na increased signifi-
cantly, and the photocatalytic rate of BQ (k=0.00161 min™")
is higher than EDTA-2Na (k=0.00135 min~!) and none
(k=0.00135 min~'). This result indicates that ‘O, plays a
major role in the photocatalytic process of BiVO,/TiO,, and
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Fig. 13 a Decolorization curve of MO and b the fit using a pseudo-
first order reaction rate by BT-10 under visible light

‘O, is derived from photoelectrons reduction O,. Therefore,
photoelectron reduction is the main process of BiVO,/TiO,
photocatalysis, which is consistent with the results of SPV
spectra and photocatalytic mechanism.

4 Conclusion

BiVO,/TiO, core—shell heterojunction photocatalyst had
been successfully prepared by precipitation method. Crys-
tal structures analysis showed that TiO, was adapted as a
vector and BiVO, as a sensitizer. UV—-Vis spectra certified
that the absorption of BiVO,/TiO, photocatalyst increased
in the visible region, and the optical band gap of BiVO,/
TiO, was 2.14-2.38 eV. According to the photocatalytic
activity results, the decolorization rate of MO by BiVO,/
TiO, photocatalyst was 14.71% higher than that of TiO, after
visible light irradiation for 7 h. However, the light transmit-
tance was one of the main factors affecting the photocata-
lytic activity of BiVO,/TiO, in UV-light irradiation. Thus,
when BiVO, had an effective coverage area on the surface of
TiO, particles, the BiVO,/TiO, photocatalyst had excellent
photocatalytic activity both in the UV-light and visible light
irradiation. The photocatalytic mechanism and SPV spectra
indicated that the separation of photo-induced carriers was
facilitated under the BiVO,/TiO, core—shell heterojunction
structure, and the photoelectron reduction was the major
degradation mechanism in this system.
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