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a b s t r a c t
The photocatalyst BiVO4/Bi2O3@SiO2 nanoparticle was synthesized in a high-pressured microwave 
method. The as-prepared photocatalytst was characterized by X-ray diffraction, scanning electron 
microscopy, transmission electron microscopy, X-ray photoelectron spectroscopy, UV–Vis diffuse 
reflectance spectroscopy. The visible-light-driven activity of the prepared photocatalyst was evaluated 
by degradation of Rhodamine B (RhB). The results show that the as-prepared sample appears in a 
core-shell structure with the heterojunction BiVO4/Bi2O3 as core and amorphous porous SiO2 as shell. 
BiVO4/Bi2O3@SiO2 has a large specific surface area (99.63 m2 g–1) and exhibits superior photocatalytic 
activity in the degradation of RhB under visible-light illumination. The degradation rate constant of 
RhB over BiVO4/Bi2O3@SiO2 are 9.8, 9.0, 8.4, and 5.6 times as high as that over Bi2O3, BiVO4, BiVO4/Bi2O3 
and BiVO4/SiO2, respectively. The enhanced photocatalytic activity of BiVO4/Bi2O3@SiO2 is attributed 
to both high surface area and low recombination rate of photoinduced electron–hole pairs. The high 
surface area provides more active sites and superior adsorption properties, which promotes the 
photocatalytic activity. The low recombination rate of photoinduced electron–hole pairs is due to both 
the hetero-junction between BiVO4 and Bi2O3 and the presence of impurity level of SiO2.
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1. Introduction

Recent years, the utilization of narrow band gap 
photocatalyst with visible light response for hydrogen 
evolution and the degradation of organic pollutants have 
attracted considerable attention [1–5]. BiVO4 is one of the 
excellent visible-light-driven catalysts due to its superior 
chemical stability and thermal stability [6]. BiVO4 can exist 
in three crystal forms such as tetragonal zircon, monoclinic 
scheelite and tetragonal scheelite. The monoclinic phase 
bismuth vanadate (m-BiVO4) with the narrowest band gap 
of 2.4 eV has strong response to visible light. So, m-BiVO4 

has been considered as an effective visible-light-driven 
photocatalyst for degradation of organics and production 
of oxygen from water splitting. However, its photocatalytic 
activity in practical application is inhibited owing to rapid 
recombination of photoinduced electrons and holes [7]. For 
this reason, enhancement of the photocatalytic activity of 
bismuth vanadate has become one of the research hotspots 
in the field of photocatalyst. Lots of methods, such as mor-
phology control, element doping, exposing active crystal 
plane, and semiconductor combination has been developed 
to improve the photocatalytic activity of BiVO4 [8–11]. Of 
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these technologies, heterojunction, constructed by combi-
nation of two semiconductors with different energy level, 
can make fast transfer of photoelectrons (or holes) from 
one semiconductor to another semiconductor. Thus, the 
recombination of electron–hole pairs is depressed and the 
photocatalytic activity is improved [12,13]. In recent years, 
a large number of BiVO4-based heterojunction, such as 
BiVO4/BiOCl, AgVO3/BiVO4, BiMoO6/BiVO4, and so on, have 
been synthesized [14–16]. These BiVO4-based heterojunc-
tion exhibited, in a way, enhanced photocatalytic activity 
compared with pure BiVO4.

However, BiVO4-based heterojunction have drawbacks 
of small specific surface area and poor adsorption per-
formance. Mao et al. [17] have synthesized a porous 
BiVO4–Bi2O3 heterojunction with a specific surface area of 
only 16.7 m2 g–1. Wang et al. [18] have synthesized a BiVO4/
Bi2S3/MoS2 heterojunction with a specific surface area of only 
5.36 m2 g–1. Zhu et al. [19] have prepared a p-n heterojunction 
BiVO4/TiO2/GO with a relatively large specific surface area, 
but only 27.15 m2 g–1. As known, the specific surface area of 
the photocatalysts has significant influence on photocatalytic 
performance. Large surface areas can provide more catalytic 
activity sites, which can make pollutant molecules adsorbed 
on the surface of the catalysts for rapid in-situ degradation 
[20,21]. Therefore, it is meaningful to synthesize bismuth vana-
date composites with enriched adsorption-photocatalytic 
ability.

Recently, microwave-assisted synthesis has been con-
sidered as a promising method to synthesize nanoscale 
inorganic materials due to homogeneous nucleation and 
shorter crystallization time compared with other conven-
tional heating method. The synthesis of BiVO4 photocatalyst 
by microwave-assisted method has been reported. Shi et al. 
[22] have synthesized branched BiVO4 in an atmospheric 
pressure microwave reactor under conditions of operat-
ing power of 800 W and reaction time of 5 h. Mosow and 
Jothivenkatachalam [23] have synthesized a monoclinic 
scheelite BiVO4 in a domestic microwave oven under con-
dition of normal pressure. Though microwave-assisted 
synthesis at ordinary pressure takes shorter time to react 
than ordinary heating method, still need several hours. It is 
expected that reaction time will shorten under microwave 
irradiation at high pressure.

To improve the specific areas of BiVO4-based hetero-
junction and shorten synthesis time, we present for the first 
time a microwave-assisted one pot method of a ternary com-
posite BiVO4/Bi2O3@SiO2. BiVO4/Bi2O3@SiO2 was synthesized 
in a pressure-controllable microwave digestion apparatus, 
and the reaction time only needs 640 s. Advantage of this 
method is facile and rapid. In the as-prepared catalyst, BiVO4 
and Bi2O3 grow in situ to form heterojunction, and porous 
SiO2 was coated on the outer layer of the heterojunction to 
form a core-shell structure. The composite catalyst has a 
large specific surface area and exhibits excellent adsorption 
capacity and photocatalytic performance for RhB.

2. Experimental

2.1. Chemicals

Bismuth nitrate pentahydrate, sodium metavanadate, 
tetraethyl orthosilicate (TEOS), rhodamine B (RhB) and 

anhydrous ethanol were purchased from Sinopharm Group 
Chemical Reagent Co., Ltd., China. All reagents were of 
analytical grade and used as received without further 
purification.

2.2. Preparation of BiVO4/Bi2O3@SiO2

Bi(NO3)3·5H2O (1.94 g) was dissolved in 20 mL of anhy-
drous ethanol and dispersed by sonication for 20 min, which 
was marked as solution A. Appropriate amount of NaVO3 
was dissolved in 20 mL of absolute ethanol and dispersed by 
sonication for 20 min to obtain solution B. 1 mL TEOS was 
dissolved in 20 mL absolute ethanol and stirred for 30 min, 
and marked as solution C. Under vigorous stirring, solu-
tion B and solution C were, respectively, added dropwise to 
solution A, and then 4.5 mL of deionized water was added 
into the mixed solution, and stirred at 30°C for 1 h to obtain 
precursor. The precursor was transferred into a 100 mL 
Teflon-lined autoclave and placed in a pressure-controllable 
microwave digestion apparatus (XT-9900, Shanghai Xin Tuo 
Instrument, China) for microwave irradiation for 640 s. The 
microwave irradiation involved five stages (at stage 1, pres-
sure of 5 kg cm–2, time 90 s; at stage 2, pressure 10 kg cm–2, 
time 120 s; at stage 3. pressure 15 kg cm–2, time 220 s; at 
stage 4, pressure 20 kg cm–2, time 130 s; at stage 5, pressure 
21 kg cm–2, time 80 s). The resulting yellow product was 
washed with deionized water and ethanol, dried under 
vacuum at 65°C for 12 h. Finally, the sample was placed in 
a muffle furnace and calcined at 450°C with a heating rate 
of 5°C min–1 for 2 h to obtain the desired product. Different 
amounts of NaVO3 (0.488, 0.287, 0.256, and 0.230 g) were 
taken to synthesize four samples with Bi/V molar ratios of 
1:1, 1.7:1, 1.9:1, and 2.1:1, respectively. The four samples were 
marked as BVO-S, BVO-BO-S-1.7, BVO-BO-S-1.9, and BVO-
BO-S-2.1. Bi/V molar ratio refers to the initial molar ratio of 
Bi(NO3)3·5H2O and NaVO3.

For the sake of comparison, the samples of BiVO4, Bi2O3, 
and composite BiVO4–Bi2O3 (BVO–BO) were prepared. BiVO4 
and BiVO4–Bi2O3 were prepared in the same way as BiVO4-
Bi2O3-SiO2 without adding solution C containing TEOS. The 
Bi/V molar ratios of BiVO4 and BiVO4-Bi2O3 were 1.0 and 1.9, 
respectively. Bi2O3 was prepared as follows. Bi(NO3)3·5H2O 
(0.01 mol) was dissolved in 10 mL of 1 mol L–1 nitric acid. 
NaOH (47 mL, 1 mol L–1) was added to the above solution to 
obtain a white suspension. The suspension was transferred to 
a 100 mL Teflon-lined autoclave and heated at 150°C for 12 h 
and then cooled to room temperature. The pale yellow prod-
uct was washed in turn with ethanol and deionized water, 
dried at 80°C and subsequently calcined in a muffle furnace 
at 450°C with heating rate of 5°C min–1 for 2 h.

2.3. Characterization of catalysts

X-ray diffraction (XRD) patterns of the photocatalysts 
were obtained on D8-Advance X-ray diffractometer (Bruker 
AXS C, Germany) with a Cu–Ka radiation (λ = 1.5406 Å). 
The morphology and microstructure of the photocatalysts 
were observed by an S-4800 field emission scanning elec-
tron microscope (SEM) (Hitachi, Japan) and a JEM-2100 
transmission electron microscope (TEM; Japan Electronics, 
Japan). UV–Vis diffuse reflectance spectra were collected 
by a UV-2550 UV-vis spectrophotometer (Shimadzu, Japan) 
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using BaSO4 as reflectance standard. Elemental composition 
and chemical valence of the samples were characterized by 
an ESCALAB-250i X-ray photoelectron spectroscopy (XPS; 
Thermo Fisher Scientific, USA). The photoluminescence 
spectra of the photocatalysts were determined by an F4500 
fluorescence spectrometer (HITACHI, Japan). The specific 
surface area was determined by N2 adsorption–desorption 
isotherm obtained from Autosorb-1-c sorption analyzer 
(Quantachrome, USA) and all samples were degassed under 
a nitrogen atmosphere at 300°C for 10 h, then measured 
at 77.35 K.

2.4. Electrochemical measurement

Photocurrent measurement was performed on a CHI 
660D electrochemical workstation (Chenhua Instrument, 
China) with a three-electrode cell. Pt wire, saturated Ag/AgCl 
and FTO electrode deposited with catalyst were used as the 
counter electrode, reference electrode and working elec-
trode, respectively. Na2SO4 aqueous solution (0.1 mol L−1) 
was employed as electrolyte and 300 W Xe lamp with 
UV–Vis-cutoff filter (λ > 420 nm) as the visible-light source.

2.5. Photocatalytic degradation of RhB

The photocatalytic activity of catalyst was evaluated 
by photocatalytic degradation of RhB. The photocatalyst 
(50 mg) was dispersed to 100 mL of RhB solution with initial 
concentration of 5 mg L–1 and stirred in the dark for 30 min 
to ensure adsorption–desorption equilibrium. The suspen-
sion was illuminated with visible-light (λ > 420 nm) emitted 
from a 300 W Xenon lamp with a 420 nm UV-cutoff filter. 
3.5 mL of suspension was taken out at 10 min intervals and 
centrifuged to remove the photocatalysts, and then the con-
centration of RhB in the supernatant was determined by 
UV–Vis spectrophotometer at wavelength of 554 nm. The 
photodegradation efficiency (E) was calculated by Eq. (1).

E
C C
C

t=
−

×0

0

100%  (1)

where C0 (mg L–1) is the initial concentration of RhB, 
Ct (mg L–1) is the concentration of RhB at time t.

3. Results and discussion

3.1. XRD spectra

Fig. 1 shows the XRD patterns of BVO-S, BVO-BO-S-1.7, 
BVO-BO-S-1.9, and BVO-BO-S-2.1. The XRD pattern of BVO-S 
shown in Fig. 1(d) is basically consistent with the standard 
spectrum of the monoclinic BiVO4 (standard card number 
JCPDS NO. 14-0688). The peaks at 18.5°, 28.8°, 30.5°, and 35°, 
correspond to the (011), (121), (040), and (002) crystal planes of 
the monoclinic BiVO4, respectively [24,25]. Absence of diffrac-
tion peaks of Bi2O3 in the XRD patterns of BVO-S indicating 
that the sample BVO-S is a binary composite BiVO4/SiO2. As 
seen in the patterns of BVO-BO-S-1.7 (Fig. 1(c)), BVO-BO-S-1.9 
(Fig. 1(b)), and BVO-BO-S-2.1 (Fig. 1(a)), diffraction peaks 
at 18.5°, 28.8°, 30.5°, and 35° belong to monoclinic BiVO4. In 
addition, peaks at 27.7° and 32.9°are the diffraction peaks of 
the (201) and (002) crystal planes of the tetragonal phase Bi2O3 
(standard card number JCPDS NO. 78-1793). It is suggested 
that as-prepared sample is a ternary composite BiVO4/Bi2O3/
SiO2 when the Bi/V molar ratio is more than 1.

The percentage of Bi2O3 in composite BiVO4/Bi2O3 was in 
relation to the diffraction peak intensity of Bi2O3 (201) and 
BiVO4 (121) and could be expressed as Eq. (2) [26].

Bi O  percentage% =
I

I I
Bi O

Bi O BiVO

2 3
201

201 121

2 3

2 3 4

( )

( ) ( )+( )  (2)

where I represents the intensity of the diffraction peak.
As shown in the magnified view of the (201) crystal 

plane of the tetragonal Bi2O3 and the (121) crystal plane 
of the monoclinic BiVO4 (given in the right of Fig. 1), as 
Bi/V ratio increases, the diffraction intensity of Bi2O3 (201) 
plane becomes stronger, while the diffraction intensity of 
BiVO4 (121) crystal plane decreases. It is concluded that the 
Bi2O3 content in the sample increases with increasing Bi/V 
ratio. It is worth mentioning that no diffraction peaks of 
SiO2 are found in Fig. 1. It can be deduced that SiO2 exists in 
amorphous form [25].

3.2. Morphology

The morphology of BiVO4, BVO-BO-S-1.7, BVO-BO-S-1.9, 
and BVO-BO-S-2.1 is characterized with SEM and TEM 
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Fig. 1. XRD patterns of BVO-BO-S-2.1 (a), BVO-BO-S-1.9 (b), BVO-BO-S-1.7 (c), BVO-S (d).
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shown in Fig. 2. As given in Fig. 2, BiVO4/Bi2O3@SiO2 is 
nanoparticle with diameter of approximate 50 nm and 
rough surface.

As seen in TEM image of BVO-BO-S-1.9 (Fig. 2(e)), 
porously amorphous SiO2 is coated on the outer layer of 
the BVO-BO-S-1.9, implying that BVO-BO-S-1.9 has large 
specific surface area which is beneficial for enhancement of 
adsorption and consequently photocatalytic activity. Fig. 2(f) 
shows the high-resolution transmission electron micros-
copy (HRTEM) image of BVO-BO-S-1.9. The lattice spacing 
of 0.31 nm corresponds to the (121) crystal plane of BiVO4. 
The crystal lattice spacing of 0.28 and 0.325 nm correspond to 
the (002) and (201) planes of Bi2O3, respectively. Coexistence 
of both BiVO4 and Bi2O3 phase in hetero-junction region 
reveals the formation of BiVO4/Bi2O3 heterojunction. In a 
word, the as-prepared BVO-BO-S-1.9 appears to be a core-
shell structure with BiVO4/Bi2O3 heterojunction as core and 
porous SiO2 as shell.

Fig. 3 is the X-ray energy spectrum of BVO-BO-S-1.9. The 
peaks of the four elements of Bi, V, O, and Si were showed 
in Fig. 3. Si comes from SiO2 in the composite and Bi and V 
come from BiVO4 and Bi2O3. O mainly comes from BiVO4, 
Bi2O3, SiO2 and surface-adsorbed hydroxyl groups. This 
further proves that the prepared sample BVO-BO-S-1.9 is a 
ternary complex.

3.3. X-ray photoelectron spectra

Fig. 4 gives the X-ray photoelectron spectra of the BVO-
BO-S-1.9. It can be seen from the total spectrum (Fig. 4(a)) 
that Bi, V, O and Si are found. In high-resolution XPS spectra 
of Bi element (Fig. 4(b)), the strong peaks at binding energy 

of 159.1 and 164.5 eV correspond to Bi 4f7/2 and Bi 4f5/2, 
respectively. It is demonstrated that Bi is present as Bi3+ in 
the as-prepared photocatalysts [27]. In Fig. 4(c), the binding 
energy of 524.0 and 516.8 eV are attributed to V 2p1/2 and 
V 2p3/2, respectively, suggesting the existence of pentavalent 
vanadium from VO4

2– [15]. As shown in Fig. 4(d), peak of O 
1s can be divided into three peaks with binding energy of 
530, 532.7, and 533.2 eV, respectively. Of these, the binding 
energy of 530 eV is assigned to the lattice oxygen of BiVO4 
and Bi2O2

2+ [28,29]. The binding energy of 532.7 eV is ascribed 
to oxygen in Si–O–Si. The binding energy of 533.2 eV is due 
to the hydroxyl or crystalline water adsorbed on the surface 
of SiO2. In high resolution spectrum of Si 2p (Fig. 4(e)), bind-
ing energy of 104.14 eV is corresponding to Si in SiOH2

+ [30]. 
The XPS results further demonstrate the successful synthe-
sis of the ternary composite catalyst containing BiVO4, Bi2O3 
and SiO2.

3.4. BET surface area

Fig. 5 shows N2 adsorption–desorption isotherm and 
pore size distribution of BVO-BO-S-1.9. As seen in Fig. 5, the 
isotherm of BVO-BO-S-1.9 is classified as type IV adsorption 
isotherm according to the Brunauer–Deming–Deming–Teller 
classification method, suggesting the existence of meso-
porous [31]. The Barrett–Joyner–Halenda curve of pore size 
distribution (inserted in Fig. 5) indicates that most of the 
pores are in diameter of 2.5–20 nm. This further confirms that 
SiO2 coated on the outer layer of BiVO4/Bi2O3 is mesoporous. 
The specific surface areas of the samples are calculated by 
BET model and listed in Table 1. As given in Table 1, ternary 
composite BiVO4/Bi2O3@SiO2 has the specific surface area of 
more than 90 m2 g–1, which is about four times as large as that 
of BiVO4. Moreover, the specific surface area increases with 
increasing of Bi/V ratio.

3.5. UV–Vis diffuse reflectance spectra

Fig. 6(a) gives UV–Vis diffuse reflectance spectra of Bi2O3, 
BiVO4, BVO-S, BVO-BO-S-1.7, BVO-BO-S-1.9, and BVO-
BO-S-2.1. As depicted in Fig. 6(a), the absorption edge of 
BiVO4, Bi2O3 and BVO-BO-S-X (X = 1.7, 1.9, and 2.1) is around 
540, 460, and 520 nm, respectively, indicating that SiO2 coated 
on the outer layers of BiVO4 and BiVO4/Bi2O3 heterojunctions 
has little influence on visible-light response. Nevertheless, 
in UV-light region, absorption intensity of BVO-BO-S-X 
(X = 1.7, 1.9, and 2.1) is higher than that of pure BiVO4. This 
is due to the fact that the presence of porous SiO2 on outer 
layer of the ternary composite reduces light reflection and 

 

(f) (e) 

Fig. 2. SEM of BiVO4 (a), BVO-BO-S-1.7 (b), BVO-BO-S-1.9 
(c), BVO-BO-S-2.1 (d), TEM (e), HRTEM (f) of BVO-BO-S-1.9.

Fig. 3. EDS spectrum of BVO-BO-S-1.9.
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dispersion [32]. Among BVO-BO-S-X (X = 1.7, 1.9, and 2.1), 
BVO-BO-S-1.9 has the highest light absorption intensity, 
indicating that it has the best photocatalytic activity.

The band gap (Eg) of a semiconductor photocatalyst can 
be obtained by Tauc formula expressed as Eq. (3).

αhv = A hv Eg
n

−( ) / 2
 (3)

where α is the absorption coefficient, h is Planck’s constant, 
and ν is the frequency of photons. A is a constant. The value of n 
depends on the transition characteristics of the semiconductor. 
Both Bi2O3 and BiVO4 are direct band gap semiconductors, 
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Fig. 4. XPS patterns of BVO-BO-S-1.9.
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distribution curve of BVO-BO-S-1.9.

Table 1
Specific surface area of photocatalysts

Sample Specific area (m2 g–1)

BiVO4 14.52
BVO-S 55.37
BVO-BO-S-1.7 91.61
BVO-BO-S-1.9 99.63
BVO-BO-S-2.1 106.86
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the n value is 1 [33]. The plots of (αhν)2 vs. hν are shown in 
Fig. 6(b). Thus, the Eg values of Bi2O3, BiVO4, BVO-S, BVO-
BO-S-1.7, BVO-BO-S-1.9, and BVO-BO-S-2.1 are measured as 
2.74, 2.45, 2.52, 2.53, 2.51, and 2.54 eV, respectively. The band 
gaps of BVO-BO-S-1.7, BVO-BO-S-1.9, and BVO-BO-S-2.1 are 
less than that of Bi2O3 but close to that of BiVO4.

The energy band location of BiVO4 and Bi2O3 can be 
estimated by the Butler equation shown in Eqs. (4) and (5).

E X E Ee
gVB = − + 0 5.

 (4)

E E EgCB VB= −
 (5)

where EVB is the potential of the valence band (VB), ECB is 
the conduction band (CB) potential, X is the electronegativ-
ity of the semiconductor (the X values of BiVO4 and Bi2O3 
is 6.04 and 5.95 eV, respectively), and Ee is the free electron 
energy relative to the hydrogen standard (4.5 eV), Eg is the 
band gap of the semiconductor [34]. According to Eqs. (4) 
and (5), the conduction and VB potentials of Bi2O3 is calcu-
lated as 0.08 and 2.82 eV, respectively; and the conduction and 
VB potentials of BiVO4 is calculated to be 0.32 and 2.77 eV, 
respectively.

3.6. Photocatalytic activity

The photocatalytic activity of the samples was evaluated 
by degradation of RhB under visible-light illumination. 

The degradation ratios of RhB are presented in Fig. 7(a). 
As seen from Fig. 7(a), after 60 min of irradiation, the cat-
alytic efficiencies of BVO-BO-S-X (X = 1.7, 1.9, and 2.1) for 
RhB are 82.7%, 86.7%, and 81.7%, respectively, which are 
significantly higher than that of Bi2O3, BiVO4, BVO-BO, and 
BVO-S. Moreover, BVO-BO-S-X (X = 1.7, 1.9, and 2.1) exhibits 
higher adsorption capacity and rapid adsorption rate for RhB 
than Bi2O3, BiVO4, BVO-BO, and BVO-S, which is beneficial 
for high photocatalytic ability. While the superior adsorption 
performance of BVO-BO-S-X (X = 1.7, 1.9, and 2.1) originates 
from larger specific surface area due to the presence of the 
mesoporous SiO2 layer on surface of the composite.

The degradation process of RhB can be simulated by 
the pseudo-first-order kinetic model expressed as Eq. (6) [35] 
as follows:

ln
C
C

Ktt

0

= −  (6)

where C0 represents the concentration of RhB at the end 
time of adsorption in the dark, and Ct is the concentration of 
RhB at t time under visible-light illumination, respectively. K 
is the apparent rate constant.

As shown in Fig. 7(b), the rate constant of BVO-BO-SX 
(X = 1.7, 1.9, and 2.1) is obviously higher than that of Bi2O3, 
BiVO4, BVO-BO, and BVO-S. Moreover, the rate constant 
of BVO-BO-S-1.9 is the highest, which is 9.8, 9.0, 8.4, and 
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5.6 times as high as that of Bi2O3, BiVO4, BVO-BO, and 
BVO-S, respectively. Thus, BVO-BO-S-X (X = 1.7, 1.9, and 
2.1), especially BVO-BO-S-1.9, is found to exhibit remarkably 
enhanced photocatalytic ability than Bi2O3, BiVO4, BVO-BO, 
and BVO-S. The enhanced photocatalytic activity of BiVO4/
Bi2O3@SiO2 is mainly ascribed to two aspects. One is high 
surface area and excellent absorption capability due to the 
presence of porous SiO2. The other is low recombination 
rate of photoinduced electron–hole pairs resulting from the 
heterojunction between BiVO4 and Bi2O3.

3.7. Reuse of the photocatalyst

To evaluate the stability of BVO-BO-S-1.9, reuse of BVO-
BO-S-1.9 was carried out. As shown in Fig. 8, after being 
reused for five times, BVO-BO-S-1.9 shows no obviously 
decreasing activity, indicating that as-prepared photocatalyst 
is stable and can be reusable.

3.8. Photocatalytic mechanism

3.8.1. Photocurrent response of photocatalysts

To further interpret the higher photocatalytic activity of 
BiVO4/Bi2O3@SiO2, the charge transfer between BiVO4/Bi2O3 
and SiO2 was analyzed by transient photocurrent responses. 
Fig. 9 gives photocurrent response of BiVO4/Bi2O3 (BVO-BO), 
BiVO4/Bi2O3@SiO2 (BVO-BO-S-1.9), BiVO4/SiO2 (BVO-S), and 
BiVO4 for five on–off cycles of intermittent visible light irra-
diation. Compared with BiVO4/Bi2O3, the significantly strong 
photocurrent response was obtained in the BiVO4/Bi2O3@SiO2, 
suggesting that the combination of BiVO4/Bi2O3 and SiO2 
accelerates the migration of electrons and thus promotes 
the separation of photoinduced electron–hole pairs [36]. 
Moreover, photocurrent response of BiVO4/SiO2 is higher 
than that of BiVO4. Above results indicate that SiO2 plays an 
important role in the electron transfer of BiVO4/Bi2O3@SiO2 
and BiVO4/SiO2. It may because that SiO2 has defects and 
impurity levels which can make electrons migrate to SiO2 sur-
face and thereby inhibit the recombination of photogenerated 
electron and hole to some extent [37].

3.8.2. Detection of active species

To identify active species produced in photocatalytic 
degradation of RhB by BVO-BO-1.9. The tripping experiment 

of reactive groups was carried out by using p-benzoquinone, 
ethylenediaminetetraacetic acid disodium (EDTA-2Na) and 
isopropanol as scavengers of superoxide radical (•O2–), hole 
(h+) and hydroxyl radical (•OH), respectively [38]. As shown 
in Fig. 10, addition of EDTA-2Na during photocatalytic 
process results in significant decrease in degradation rates, 
indicating that h+ is the main active groups for degradation 
of RhB. Moreover, with introduction of p-benzoquinone the 
degradation rate of RhB decreases to a certain extent, sug-
gesting that •O2– is also involved in degradation of RhB. 
While •OH plays a little role in photocatalytic reaction.

3.8.3. Proposed mechanism

Based on trapping experiment results, photocurrent 
measurements and theoretical analysis, the possible mech-
anism of photoelectron–hole migration and photocatalysis 
is deduced as shown in Fig. 11. BiVO4 is an intrinsic n-type 
semiconductor whose Fermi level is closer to its CB, and Bi2O3 
is an intrinsic p-type semiconductor whose Fermi level is 
near to its VB [39]. Therefore, prior to contact, the Fermi level 
of Bi2O3 is lower than that of BiVO4. When two semiconduc-
tors are in contact to form p-n heterojunction, the diffusion of 
photogenerated electron–hole pairs between BiVO4 and Bi2O3 
is enhanced, and then an internal electric field is formed on 
the interface between BiVO4 and Bi2O3 [40]. Meanwhile, the 
energy band of BiVO4 descend along the Fermi level, while 
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the energy band of Bi2O3 rise along the Fermi level until their 
Fermi level reaches the same value [41]. Consequently, in 
the heterojunction BiVO4/Bi2O3, the CB and VB of Bi2O3 are 
higher than that of BiVO4, which is depicted in Fig. 11(b). It is 
noteworthy that SiO2, as an insulator with band gap of 9 eV, 
is difficult to be excited to produce photogenerated electron–
hole, but the presence of impurity level of SiO2 has been 
reported [37]. Hence, the impurity level of SiO2 is also shown 
in Fig. 11(b).

As shown in Fig. 11(b), under visible-light (λ > 420 nm) 
irradiation, photoinduced electrons transfer from the CB of 
Bi2O3 to the CB of BiVO4. Photo-generated holes migrate from 
the VB of BiVO4 to the VB of Bi2O3. Thus, the photoinduced 
electron–hole of BiVO4 and Bi2O3 can be effectively separated. 
Perhaps, a fraction of electrons on the CB of Bi2O3 migrate 
to the impurity level of SiO2, which promotes electron–hole 
separation to some extent [37]. Since the VB potential of 
BiVO4 is very positive, the holes in the VB can directly oxi-
dize RhB and play the most important role in degradation 
of RhB. In addition, due to redistribution of charge, the CB 
potential of Bi2O3 is more negative than the standard reduc-
tion potential of O2/•O2

– (−0.33 eV/NHE). Therefore, photo-
generated electrons can be trapped by the adsorbed oxygen 
to generate •O2–. The produced •O2

– participate in degradation 
of RhB.

4. Conclusion

A nanoscale photocatalyst BiVO4/Bi2O3@SiO2 was 
successfully prepared by a one-pot microwave method. The 
preparation method only requires the use of the necessary 
precursors bismuth nitrate, sodium metavanadate, TEOS 
and solvent ethanol without any other auxiliary agents. 
Under pressured microwave irradiation, the reaction time is 
only 640 s. Compared with the conventional solvent/water 
thermal method and atmospheric microwave method, the 
reaction time is greatly saved.

The as-prepared catalyst appears to be a core-shell 
structure with BiVO4/Bi2O3 heterojunction as core and amor-
phous porous SiO2 as shell. BiVO4/Bi2O3@SiO2 exhibits a 
large specific surface area (99.63 m2 g–1), excellent adsorption 
performance and visible-light catalytic activity. It can  

degrade about 90% of RhB and can be reused. The enhanced 
photocatalytic activity of BiVO4/Bi2O3@SiO2 is attributed to 
three aspects. First, the recombination of electron/hole pair 
is suppressed due to the photoinduced carries transfer on the 
interface of heterojunction BiVO4/Bi2O3. Second, the presence 
of amorphous porous SiO2 increases the specific surface area 
of the composite, thus promoting more pollutant adsorption 
and providing more active sites. Third, the defects and impu-
rity levels of insulator SiO2 perhaps make electrons migrate 
to the SiO2 surface, thereby, inhibiting the recombination of 
photogenerated electron and hole to some extent.
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