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a b s t r a c t
The single-step hydrothermal method was used to synthesize Bi2O3/BiVO4 heterojunctions (BBVs) 
with various Bi2O3/BiVO4 molar ratios. The surface characteristics of the prepared photocatalysts 
were analyzed by X-ray diffractometry (XRD), scanning electron microscopy, transmission electron 
microscopy, ultraviolet (UV)-visible-light (Vis.) spectrophotometry, surface area analysis, X-ray 
photoelectron spectroscopy and fluorescence spectrophotometry. C.I. Reactive Red 2 (RR2) was 
used as the parent compound to evaluate the photocatalytic activity of photocatalysts under UV 
and Vis. irradiation. The XRD peak intensity of BiVO4 declined as the amount of Bi2O3 in the BBVs 
increased. The surface areas of all BBVs exceeded those of Bi2O3 and BiVO4 and all of the samples 
exhibited strong absorption in the Vis. region. The optimal Bi2O3/BiVO4 molar ratio was 0.25 and 
the corresponding photocatalyst was denoted as 0.25 BBV. The RR2 photodegradation rate constant 
of 0.25 BBV was 1.9 times that of BiVO4 under UV irradiation, which was in turn 3.5 times that of 
BiVO4 under Vis. irradiation. The improved photodegradation efficiency of BBVs is attributed to 
the effective separation of photo-generated carriers by the formed heterojunction. The results of a 
radical-trapping experiment revealed that the photo-generated holes and superoxide anion radicals 
were the primary reactive species in the BBV photocatalytic systems.
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1. Introduction

Semiconductor photocatalysis is regarded as a cost- 
effective and sustainable green chemical technique for elim-
inating organic pollutants from wastewater using solar 
energy. Bismuth-based oxide has attracted considerable 

attention because of its strong response to visible-light (Vis.) 
and its lack of toxicity [1]. Bismuth vanadate (BiVO4) is a 
promising Vis.-driven photocatalyst with various advan-
tages, such as low production cost, low toxicity, high pho-
to-stability, resistance to photo-corrosion and a narrow band-
gap with a good response to Vis. excitation [2]. Despite the 
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strong Vis. response, the photocatalytic ability of BiVO4 is 
poor owing to the poor migration of photo-generated elec-
trons and holes [3]. Additionally, the rapid recombination of 
photo-produced electrons and holes in BiVO4 significantly 
reduces its photocatalytic reaction efficiency [4]. To solve this 
problem, the combination of BiVO4 with another semicon-
ductor to form a heterojunction has been proposed, with the 
goal of improving electron-hole pair separation and interfacial 
charge transfer efficiency, to promote photocatalytic activity.

A series of BiVO4-based heterojunction photocatalysts 
with various morphologies have been reported. They include 
TiO2/BiVO4 [5–7], Cu2O/BiVO4 [8–10], Bi2WO6/BiVO4 [11–14], 
Bi2O3/BiVO4 [4,15–19], BiFeWO6/BiVO4 [20], WO3/BiVO4 [21]; 
InVO4/BiVO4 [22]; CuS/BiVO4 [23] and BiOCl/BiVO4 [24,25], 
which are prepared by various methods and exhibit excel-
lent photocatalytic performance. The coupling of BiVO4 with 
other semiconductors is an efficient approach to promote 
the charge separation reaction and slow the recombination 
of photo-generated charge carriers.

The optimal 20% TiO2/BiVO4 composite exhibits better 
photocatalytic performance than BiVO4. The higher photo-
catalytic activity of the TiO2/BiVO4 is attributable to the 
increased separation efficiency of photo-induced charge carriers 
[5]. The optimized Cu2O/BiVO4 composite exhibits greater 
photocatalytic activity than BiVO4. Its superior photocatalytic 
performance may arise from the successful charge separation 
of electron-hole pairs by the formed heterojunction between 
Cu2O/BiVO4 nanoparticles [8–10]. The improved photocata-
lytic activity of Bi2WO6/BiVO4 is due to the formation of the 
heterojunction by the matching of the energy levels of bands, 
which increases the separation efficiency of photo-induced 
charge carriers, favoring the degradation of organic contam-
inants [11,12,14].

Bismuth oxide (Bi2O3) is an ideal Vis.-driven photocata-
lyst because of its bandgap (2.8 eV), the high oxidation power 
of its holes in the valance band (VB), nontoxicity, and stability. 
However, it has a low photocatalytic activity because of the 
rapid recombination of photo-generated electron-hole pairs 
[26,27]. Bi2O3-based heterojunctions, which enable photo-
catalysts to use more Vis. and effectively suppress photo- 
generated electron-hole recombination have been synthesized 
to improve the photoactivity of BiVO4. Li and Yan [4] pre-
pared Bi2O3/BiVO4 heterojunctions (BBVs) by directly mixing 
two semiconductors and found that Bi2O3 (50 wt.%)/BiVO4 
exhibited the highest photocatalytic activity. They suggested 
that the mixture reduced the rate of recombination of pho-
to-generated electron-hole pairs that in pure Bi2O3 or BiVO4 
and thereby improved its photocatalytic activity. Lee et al. 
[19] provided evidence of the feasibility of using BiVO4/Bi2O3 
as a photocatalyst in the removal of polychlorinated diben-
zo-p-dioxins and dibenzofurans from soil. BiVO4/Bi2O3 with 
20% BiVO4 content by mass (BiVO4/Bi2O3 molar ratio = 0.360) 
performed best in their work. Reductive reactions occur on 
BiVO4, while oxidative reactions occur on Bi2O3 [19]. Mao et 
al. [16] used a solvothermal method followed by an annealing 
process to synthesize porous BBVs and found that the pho-
tocatalytic activity of BBVs was more than 48 times that of a 
mixture of BiVO4 and Bi2O3, and 192 and 160 times those of 
BiVO4 and Bi2O3, respectively. Sun et al. [18] prepared BBVs 
with an effective p-n heterojunction via a hydrothermal route 
to improve upon the photocatalytic performance of BiVO4. 

The dramatic enhancement of photoactivity is attributable to 
the high separation efficiency of electron-hole pairs in BBVs 
[16,18]. Qiu et al. [17] used chemical deposition to synthe-
size BBVs, whose photocatalytic activity was 1.5 times that 
of a mixture of BiVO4 and Bi2O3. Chen et al. [15] synthesized 
BBVs using a single-step mixed solvothermal method and an 
L-lysine template. The heterojunctions that formed between 
BiVO4 and Bi2O3 promoted the separation of photo-gener-
ated electron-hole pairs, and their hollow porous structure 
enabled the efficient harvesting of solar light.

The formation of a heterojunction interface between two 
semiconductors with matching energy levels can facilitate 
interfacial charge transfer and improve the separation of 
photo-induced charges in a semiconductor composite. The 
p-n heterojunction is an interesting and special heterostruc-
ture owing to its internal electric field at the heterojunc-
tion interface, and its structure improves the separation of 
photo-generated electron-hole pairs, increasing photocata-
lytic ability [13,16–19,23]. Researchers have not yet used a 
single-step hydrothermal method to synthesize BBVs with 
various Bi2O3/BiVO4 molar ratios and compared their pho-
tocatalytic activities. The goals of the present work are (i) to 
synthesize BBVs with different Bi2O3/BiVO4 molar ratios, 
(ii) to measure the surface characteristics and compare the 
photocatalytic activities of the prepared BBVs, and (iii) to 
determine the reusability and the active reaction species of 
BBVs at the optimal Bi2O3/BiVO4 molar ratio.

2. Materials and methods

2.1. Materials

All reagents were analytical-grade and used as received 
without further purification. Deionized water (D.I. water) was 
used throughout this study. Bismuth (III) nitrate (Bi(NO3)3· 
5H2O), ammonium metavanadate (NH4VO3), trisodium 
citrate (TCD, Na3C6H5O7·2H2O), NaOH, HNO3, disodium eth-
ylenediamine tetraacetate (EDTA-2Na, C10H14N2O8Na2·2H2O) 
and potassium chromate (K2CrO4) were all purchased from 
Katayama (Japan). RR2 (C19H10Cl2N6Na2O7S2) and isopro-
panol (IPA) were obtained from Sigma Aldrich (USA) and 
J.T. Baker (USA), respectively.

2.2. Synthesis of photocatalysts

The BBVs were prepared using a single-step hydrother-
mal process, the details of which are as follows. 0.7019 g of 
NH4VO3 was dissolved in 60 mL 2 M NaOH to yield solu-
tion A. The desired amount of Bi(NO3)3·5H2O was added to 
60 mL 2 M HNO3 to form solution B. 0.5294 g of TCD was dis-
solved in 20 mL D.I. water to form solution C. The obtained 
mixtures were adjusted to pH 1 by adding 10 M NaOH or 
HNO3 and stirred (600 rpm) for 30 min. Each was sealed in 
a 200 mL Teflon-lined stainless steel autoclave and heated 
at 473 K under self-generated pressure for 12 h; it was then 
allowed to cool naturally to room temperature. The precip-
itates were collected by filtration and washed using 50 mL 
95% ethanol and 100 mL D.I. water to remove any residual 
impurities. The samples were finally dried in air at 333 K for 
24 h. A series of BBVs were prepared by changing the Bi/V 
mole ratios of the starting materials, and the photocatalytic 
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efficiencies of the BBVs were compared with those of only 
Bi2O3 or BiVO4. Five Bi/V molar ratios (1.2, 1.5, 2.0, 2.5 and 
3.0) were used in the syntheses, yielding 0.1BBV, 0.25BBV, 
0.5BBV, 0.75BBV and 1BBV, respectively. When no NH4VO3 
or TCD was added, the obtained powder was Bi2O3. BiVO4 
was prepared using a Bi/V molar ratio of unity. The exper-
imental conditions and procedures for synthesizing Bi2O3 
and BiVO4 were the same as those for generating BBVs.

2.3. Surface analyses of photocatalysts

The crystalline structures of the photocatalysts were 
analyzed using X-ray diffraction (XRD) with Cu-Ka radiation 
(Bruker D8 SSS, Germany) over a 2q range of 20°–80°. The 
accelerating voltage and the applied current were set to 40 kV 
and 40 mA, respectively. The morphologies and microstruc-
tures of the samples were observed using a scanning electron 
microscope (SEM, JEOL 6330 TF, Japan) and transmission 
electron microscope (TEM, JEOL 3010, Japan). The band-
gaps were calculated from the diffuse reflectance ultravio-
let (UV)-Vis. spectra of photocatalysts, which were obtained 
using a UV-Vis spectrophotometer (JAS.CO-V670, Japan). N2 
adsorption-desorption isotherms were obtained at 77 K on 
a Micrometrics ASAP 2020 surface area analyzer (USA). The 
Brunauer-Emmett-Teller (BET) method was used to calculate 
the specific surface areas from adsorption data. X-ray pho-
toelectron spectroscopy (XPS) measurements were made at 
room temperature using a PHI 5000 Versal Probe XPS (USA). 
The binding energies were calibrated against C1s at 284.6 eV. 
The photoluminescence (PL) spectra were measured using 
an excitation wavelength of 325 nm and a Hitachi F-4500 
fluorescence spectrophotometer (Japan).

2.4. Photocatalysis experiments

The photocatalyst dosage, RR2 concentration and tem-
perature in all of the experiments were 0.5 g/L, 20 mg/L 

and 298 K, respectively. The solution pH was 3 in all experi-
ments except those conducted to determine the effects of pH. 
Photocatalysis experiments were performed in a 3 L glass 
reactor. A 400 W Xe lamp (200 nm < wavelength < 700 nm, 
UniVex BT-580, Taiwan) was used to provide UV radiation 
and the intensity of the light from the lamp was 30.3 mW/
cm2. A quartz appliance that was filled with 2 M NaNO2 solu-
tion was placed on top of the reactor to cut the UV and to 
provide Vis. [28]. Adsorption experiments were performed 
in darkness. The reaction medium was stirred continuously 
at 300 rpm and aerated with air to maintain a suspension. 
Following sampling at specific intervals, solids were sepa-
rated by filtration through a 0.22 µm filter (Millipore, USA), 
and the RR2 that remained in the filtrate was analyzed by 
measuring its absorbance at 538 nm using a spectropho-
tometer (Hitachi U-5100, Japan). The stability and reusabil-
ity of 0.25BBV were examined under the same conditions 
as in the photocatalytic experiments. At the end of each 
cycle, the recovered 0.25BBV was centrifuged and dried at 
333 K for 24 h. Then, the powder was used in the next cycle. 
The 0.25BBV was re-dispersed into a fresh RR2 solution and 
recycled three times. To detect the active species that were 
responsible for photocatalytic reactivity, trapping experi-
ments were conducted. In a process similar to that in the 
photocatalysis experiment, scavengers K2CrO4, EDTA-2Na 
and IPA were introduced into the RR2 solution before the 
photocatalyst was added; these were scavengers of superox-
ide anion radicals (•O2

−) [29], holes (h+) [30,31] and hydroxyl 
radicals (•OH) [30,31], respectively. The experiments were 
conducted in triplicate and mean values reported.

3. Results and discussion

3.1. Surface characteristics of Bi2O3, BiVO4 and BBVs

To determine the phase structures of Bi2O3, BiVO4 and 
BBV powders, their XRD patterns were measured (Fig. 1). 

Fig. 1. XRD patterns of Bi2O3, BiVO4 and BBVs.
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The patterns in Fig. 1 included sharp peaks, indicating that 
Bi2O3, BiVO4 and BBVs that were synthesized by the hydro-
thermal process had a high degree of crystallinity, and the 
BBVs had peaks that were characteristic of the obtained 
Bi2O3 and BiVO4. The obtained Bi2O3 and BiVO4 were read-
ily indexed to the monoclinic phase of BiVO4 (JCPDS No. 
14-0688) and the tetragonal phase of β-Bi2O3 (JCPDS No. 
27-0050), respectively. The peak intensity of BiVO4 decreased 
as the amount of Bi2O3 in the BBVs increased. Notably, no 
signal other than those of Bi2O3 and BiVO4 was obtained 
in the diffraction patterns, revealing that Bi2O3 and BiVO4 
did not chemically react. The XRD results reveal the com-
plete transformation of BBVs from precursors, as was also 
observed by Mao et al. [16].

The morphologies of the synthesized materials were 
ascertained using SEM and TEM. Figs. 2a–c show SEM 
images of Bi2O3, BiVO4 and 0.25BBV, respectively. Bi2O3 
comprised irregular plates with smooth surface structures 
(Fig. 2a). BiVO4 was in the form of aggregated lumps. Clearly, 
the BiVO4 mainly consisted of small granules (Fig. 2b), and 
had conglomerated more than the Bi2O3 particles (Fig. 2a).  

The surface morphology of 0.25BBV revealed smaller nano-
particles of BiVO4 that were distributed on the particles of 
Bi2O3 (Fig. 2c). Figs. 3a–c display TEM images of Bi2O3, BiVO4 
and 0.25BBV, respectively, which show that the samples 
comprised many agglomerates of primary nanoparticles. 
Fig. 3c demonstrates that many nanocrystals were homoge-
neously dispersed and embedded in sheets of 0.25BBV. These 
observations reveal close contact between Bi2O3 and BiVO4 
in 0.25BBV. Both BiVO4 and 0.25BBV were peanut-like struc-
tures, similar to those found by Chen et al. [15].

The BET surface areas of Bi2O3, BiVO4, 0.1BBV, 0.25BBV, 
0.5BBV, 0.75BBV and 1BBV were 0.2, 2.9, 6.3, 3.8, 11.0, 14.8 
and 7.4 m2/g, respectively. The BET surface areas of the BBVs 
all exceeded those of Bi2O3 and BiVO4 (Table 1). Based on 
the BET investigation, the BBVs had larger surface areas 
than Bi2O3 and BiVO4, providing more active sites, favoring 
photocatalytic activity.

The absorption of Vis. is important in evaluating Vis.-
driven photocatalytic activity. Fig. 4 presents UV-Vis dif-
fuse reflectance spectra of Bi2O3, BiVO4 and BBVs powders. 
All of the samples except for Bi2O3 exhibit strong absorption 
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Fig. 2. SEM image of photocatalyst (a) Bi2O3, (b) BiVO4 and (c) 0.25BBV.
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in the Vis.-region. The calculated bandgap is estimated from 
l = 1,240/Eg, where l and Eg denote the absorption band 
threshold wavelength (nm) and bandgap (eV), respectively. 
The absorption band thresholds of Bi2O3, BiVO4 0.1BBV, 
0.25BBV, 0.5BBV, 0.75BBV and 1BBV are approximately 
435, 510, 499, 500, 500 and 500 nm, and the bandgaps are 
estimated to be 2.89, 2.44, 2.48, 2.49, 2.51, 2.51 and 2.51 eV, 
respectively (Table 1). The obtained BBVs did not vary 
much in their capacity to absorb light. The absorption edge 
of BBVs exhibits a tiny blue-shift relative to that of BiVO4, 

owing to the incorporation of Bi2O3. This finding was also 
obtained by Shi et al. [1].

PL spectral analysis is employed to examine the migra-
tion, transfer and recombination rate of charge carriers in 
photocatalysts. Increasing the separation and transfer rates 
of electron-hole pairs and reducing the photo-generated 
charge carrier recombination rate can significantly improve 
the photocatalytic performance of photocatalysts. Generally, 
a lower PL intensity reflects a lower rate of recombination 
of electron-hole pairs, resulting in better photocatalytic 

 
 

 

(a) (b) 

(c) 

Fig. 3. TEM image of photocatalyst (a) Bi2O3, (b) BiVO4 and (c) 0.25BBV.

Table 1
Surface characteristics of prepared photocatalysts

Catalysts BET surface  
area (m2/g)

Bandgap  
(eV)

UV Vis.

k (min–1) R2 k (min–1) R2

BiVO4 2.9 2.44 0.0115 0.999 0.004 0.986
Bi2O3 0.2 2.89 – – – –
0.1BBV 6.7 2.48 0.0197 0.980 0.013 0.969
0.25BBV 3.8 2.49 0.0218 0.988 0.014 0.971
0.5BBV 11.0 2.51 0.0273 0.993 0.013 0.998
0.75BBV 14.8 2.51 0.0173 0.991 0.016 0.990
1BBV 7.4 2.51 0.0134 0.987 0.008 0.988
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performance. Fig. 5 shows the PL spectra of Bi2O3, BiVO4 and 
BBVs. The PL intensities of 0.25BBV, 0.5BBV and 0.75BBV 
were lower than those of Bi2O3 and BiVO4 (Fig. 5), indicat-
ing that the 0.25BBV, 0.5BBV and 0.75BBV exhibited higher 
photo-induced charge separation efficiencies than the pure 
samples.

The surface compositions of 0.25BBV and the chemical 
states of its elements were analyzed by XPS (Fig. 6). In the 
high-resolution spectrum of Bi4f (Fig. 6a), two characteris-
tic peaks at 164.0 and 158.5 eV that arose from the 4f5/2 and 
4f7/2 orbitals, respectively [15,18,32,33], are assigned to the 
+3 bismuth state, suggesting that the bismuth ions in the 
0.25BBV composite were in the trivalent state. The char-
acteristic spin-orbit splitting of the V2p3/2 and V2p1/2 signals 
was observed at approximately 516.5 and 524.0 eV, respec-
tively, corresponding to V5+ in BiVO4 (Fig. 6b) [15,18,33,34]. 
The asymmetrical O1s signal is fitted to three bands at 529.6, 
530.3 and 532.0 eV (Fig. 6c). The peaks at 529.6 and 530.0 eV 
correspond to the Bi-O bond in Bi2O3 and the oxygen spe-
cies in the lattice (O2−) in BiVO4, respectively. The band at 
532.0 eV is attributed to surface-adsorbed oxygen species 
of hydroxyl-like groups or the O-defect oxide [18,35,36].

The elemental ratio in the surface region of the sample 
was obtained by XPS analysis. Table 2 presents the Bi-O/
V-O ratios that are associated with the O1s signals in the 
XPS spectra of the BBVs. The Bi-O/V-O elemental ratios of 
0.1BBV, 0.25BBV, 0.5BBV, 0.75BBV and 1BBV were found to 
be 1.18, 1.49, 1.91, 2.37 and 2.97, respectively. The quantita-
tive atomic analysis of Bi-O/V-O in BBVs is almost the same 
as the dose of Bi2O3 that was added to BiVO4.

3.2. Photocatalytic activity of Bi2O3, BiVO4 and BBVs

Figs. 7a–c plot the removal of RR2 by adsorption, Vis. 
photocatalysis and UV photocatalysis, respectively. After 
180 min of reaction, the percentages of RR2 that were 
adsorbed by Bi2O3, BiVO4, 0.1BBV, 0.25BBV, 0.5BBV, 0.75BBV 
and 1BBV were 2%, 15%, 24%, 21%, 35%, 40% and 33%, 
respectively (Fig. 7a). After 180 min of reaction, the percent-
ages of RR2 that had been removed by Bi2O3, BiVO4, 0.1BBV, 
0.25BBV, 0.5BBV, 0.75BBV and 1BBV with Vis. photocataly-
sis were 3%, 56%, 87%, 87%, 89%, 92% and 79%, respectively 

 

Fig. 4. UV-Vis absorption spectra of Bi2O3, BiVO4 and BBVs.
 

Fig. 5. PL spectra of Bi2O3, BiVO4 and BBVs.

 

(a) 

 

(b) V 2p3/2 

 

(c) 

Fig. 6. XPS spectra of 0.25BBV (a) Bi4f, (b) V2p, and (c) O1s.
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(Fig. 7b), and with UV photocatalysis were 8%, 87%, 94%, 
97%, 99%, 96% and 89%, respectively (Fig. 7c). The photo-
activity of Bi2O3 was low despite its ability to absorb Vis.. 
The high recombination rate of photo-excited electrons and 
holes in Bi2O3 significantly reduced the efficiency of the 
photo catalysis. With respect to the net efficiency of RR2 
removal by adsorption and photocatalysis, 0.25BBV exhibited 
the highest photocatalytic activity under both UV and Vis. 
irradiation.

The kinetics of the removal of RR2 are well described by 
the pseudo-first-order equation ln(C0/C) = kt, where k is the 
rate constant; C0 is the initial concentration of RR2; C is the 
concentration of RR2 after irradiation, and t is the irradiation 
time [1,17,19,20,23,25,33]. All kinetic data agree closely with 
the pseudo-first-order equation because the R2 values exceed 
0.97 (Table 1). In this investigation, the k values of 0.25BBV 
under UV and Vis. irradiation were 0.0218 and 0.014 min–1, 
respectively (Table 1). The k value of 0.25BBV was 1.9 times 
that of BiVO4 under UV irradiation, which was 3.5 times 
larger than BiVO4 that under Vis. irradiation. These exper-
imental results revealed that the formation of BBVs greatly 
increased the photocatalytic activity of BiVO4. The k values 
followed the order BBVs > BiVO4 > Bi2O3, which was also 
obtained by Shi et al. [1]. Factors other than photo-absorption 
are also important in increasing the photocatalytic efficiency 
of photocatalysts; they include the separation efficiency of 
photo-generated electron-hole pairs and the number of effec-
tively active sites for photocatalysis. The enhanced photoac-
tivity of BBVs can be explained as follows. The larger spe-
cific surface area of BBVs than of Bi2O3 (0.2 m2/g) and BiVO4 
(2.9 m2/g) (Table 1) results in greater contact between BBVs 
and RR2 and improves the separation efficiency of photo-in-
duced electron-hole pairs. Lee et al. [19] indicated that the 
electrons in the conduction band (CB) of Bi2O3 easily moved 
to that of BiVO4 while the holes were easily transferred 
from the VB of BiVO4 to Bi2O3 owing to the inherent band 
relationship.

Fig. 8 plots the effects of light sources and pH on the 
decolorization of RR2 in BiVO4 and 0.25BBV systems. The pH 
of the solution affects the adsorption and dissociation of RR2, 
the surface charge of the photocatalyst, and the oxidation 
potential of the photocatalyst. After 60 min of reaction, the 
photocatalytic removal of RR2 by 0.25BBV under UV irradia-
tion at pH 3 and 9 was 97% and 43%, respectively, and that by 
BiVO4 was 87% and 13%, respectively. RR2 is an anionic dye 
in solution. The repulsive force between the photocatalyst 
and RR2 was stronger at pH 9 than at pH 3 so the photocat-
alytic efficiency at pH 3 exceeded that at pH 9. Comparisons 

 

(a) 

 

(b) 

 

(c) 

Fig. 7. Comparisons of decolorization of RR2 by Bi2O3, BiVO4 and 
BBVs by (a) adsorption, (b) Vis. Photocatalysis, and (c) UV pho-
tocatalysis ([RR2] = 20 mg/L, pH = 3, [photocatalyst] = 0.5 g/L).

Table 2
Bi-O/V-O ratios determined from O1s signal in XPS spectra of BBVs

BiVO4 Bi2O3 0.1BBV 0.25BBV 0.5BBV 0.75BBV 1BBV

Bi–O 43% 46% 44% 46% 49% 53% 57%
V–O 44% 0% 37% 31% 26% 22% 19%
–OH 13% 54% 19% 23% 25% 25% 24%
Bi–O/V–O 0.97 1.18 1.49 1.91 2.37 2.97

Actual ratio 0.09BBV 0.245BBV 0.455BBV 0.685BBV 0.985BBV
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of BiVO4 and 0.25BBV revealed that the k values followed the 
orders UV > Solar > Vis. and 0.25BBV > BiVO4.

Recyclability tests were conducted to assess the reus-
ability of 0.25BBV for the photodegradation of RR2. The 
RR2 photodegradation efficiency of 0.25BBV after one, two 
and three cycles under UV irradiation was 97%, 97% and 
95%, respectively, and after one, two and three cycles under 
Vis. irradiation was 87%, 86% and 84% (Fig. 9). As shown 
in Fig. 9, 0.25BBV was stable, and no loss of photocatalytic 
activity occurred in the three-cycle test. The experimental 
results suggest that 0.25BBV had good reusability and did 
not undergo photo-corrosion under UV or Vis. irradiation.

3.3. Mechanism of enhancement of photocatalytic activity

As expected, •O2
−, h+ and •OH were extremely active in 

the photocatalytic reaction that degraded RR2. To elucidate 
the photocatalytic mechanism, the active species were iden-
tified by adding different scavengers to the photocatalytic 
reaction. Fig. 10 shows the photocatalysis of RR2 by 0.25BBV 
in the presence of different scavengers. When EDTA-2Na 
and Cr(VI) were added, the efficiency of the photocatalytic 

removal of RR2 fell greatly from 98% to 33% and 11%, respec-
tively. The small reduction of efficiency upon the addition 
of IPA revealed that •OH might not have been the predom-
inant active species. EDTA-2Na (h+ scavenger) and Cr(VI) 
(•O2

− radical scavenger) clearly caused rapid deactivation 
of the 0.25BBV and retarded the photocatalysis, indicating 
that the photo-induced holes and •O2

− radicals were the pre-
dominant active species in this photocatalytic system. The 
strengths of their effects followed the order •O2

− > h+ > •OH.
Under Vis. irradiation, both Bi2O3 and BiVO4 can gen-

erate electron-hole pairs. Typically, the electrons and holes 
travel in opposite directions because they are in a formed 
space-charge region [1]. Before a heterojunction is formed 
between Bi2O3 and BiVO4, electrons move from the CB of 
Bi2O3 to the VB of BiVO4 by overcoming the internal built-up 
electrical field, resulting in the combination of electrons in 
the CB of Bi2O3 and of holes in the VB of BiVO4. Mao et al. 
[16] suggested that both Bi2O3 and BiVO4 can be excited 
under Vis. irradiation, and that the holes in the VB of Bi2O3 
and the electrons in the CB of BiVO4 recombine directly in 
their interfacial region. The electrons in the CB of Bi2O3 are 
captured by the surface-chemisorbed O2 to yield •O2

−, and 

 

Fig. 9. Comparisons of cyclic photocatalysis of 0.25BBV under 
UV and Vis. irradiation ([RR2] = 20 mg/L, pH = 3, [photo catalyst] 
= 0.5 g/L).

 

Fig. 8. Effects of light sources and pH on RR2 decolorization in BiVO4 and 0.25BBV systems ([RR2] = 20 mg/L, [photocatalyst] = 0.5 g/L).

 

Fig. 10. Photocatalysis of RR2 by 0.25BBV in presence of different 
scavengers ([RR2] = 20 mg/L, pH = 3, [0.25BBV] = 0.5 g/L).
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the remaining h+ in BiVO4 can directly oxidize organics. 
Bi2O3/BiVO4 is a category of direct Z-scheme photocatalysts, 
whose photo catalytic activity is greatly enhanced relative 
to those of Bi2O3 and BiVO4 by the high charge transfer 
efficiency.

The corresponding CB and VB edge potentials are calcu-
lated using the following empirical equations [1,15,33,37,38].

ECB = X – Ee – 0.5 Eg (1)

EVB = ECB + Eg (2)

where X is the absolute electronegativity of the semicon-
ductors, expressed as the geometric mean of the absolute 
electronegativities of the constituent atoms. The absolute 
electronegativity is defined as the arithmetic mean of the 
atomic electron affinity and the first ionization energy. The 
X values for Bi2O3 and BiVO4 are 5.95 and 6.04 eV, respec-
tively [15]. Ee is the energy of free electrons on the hydrogen 
scale (4.5 eV); Eg is the bandgap of the semiconductor, and 
ECB and EVB are the CB and VB edge potentials, respectively 
[1]. The ECB values of Bi2O3 and BiVO4 are determined to be 
0.005 and 0.32 eV relative to the NHE level, respectively. 
The EVB values of Bi2O3 and BiVO4 are obtained as 2.895 and 
2.76 eV, respectively. Consistent with previous studies, the 
CB and VB edge potentials of Bi2O3 are approximately 0.29 
and 2.67 eV versus NHE, respectively [18,39,40], and those 
of the BiVO4 are approximately 0.31 and 2.77 eV versus NHE 
[15,18,32,33]. These band edge positions of Bi2O3 and BiVO4 
were their potentials before contact. Fig. 11 presents the 
energy band diagram and possible charge-separation pro-
cess of BBVs. Bi2O3 is an intrinsic p-type semiconductor with 
a high hole mobility, which can serve as an electron donor 
in a photocatalyst. BiVO4 is an intrinsic n-type semiconduc-
tor, and can act as an electron acceptor, providing a pathway 
for interfacial charge transfer. This difference between CB 
and VB potentials generates a potential difference across the 

interface of two photocatalysts, establishing a heterojunction. 
When Bi2O3 and BiVO4 are in contact, a p-n heterojunction 
is formed in the interfacial phase [15,16,18,19]. As a result 
of charge redistribution, the CB and VB of Bi2O3 lie above 
those of BiVO4. After the p-n heterojunction is formed, the 
photo-generated electrons in the CB of BiVO4 are transferred 
to the VB of BiVO4. The efficient separation of photo-gener-
ated electrons and holes in the p-n heterojunction may con-
siderably inhibit the recombination of the photo-generated 
charge carriers and extend their lifetime. Since the CB edge 
potential of Bi2O3 is more negative than those of BiVO4 and of 
O2/•O2

− (−0.046 V/NHE) [41], the photo-induced electrons may 
be trapped by the absorbed O2, producing •O2

− [18]. Since the 
VB potential of BiVO4 is more positive than the potential of 
•OH/H2O (2.38 V/NHE), h+ can trap H2O and OH− and oxi-
dize them to •OH. However, only a little of the absorbed H2O 
and OH− can be oxidized because most of the holes in the VB 
of BiVO4 directly oxidize RR2. The findings herein suggest 
that the major active oxidation species in the photocatalysis 
of BBV systems are •O2

− and h+. BBVs suppress the recombi-
nation of electron-hole pairs and improve the photocatalytic 
activities of Bi2O3 and BiVO4.

Mao et al. [16] concluded that •O2
− and h+ are the domi-

nant reactive species in the oxidative degradation of phenol 
in BBVs. Qiu et al. [17] revealed that both h+ and •OH are 
the major reactive species that dominate the degradation of 
bisphenol-A in BBVs. Furthermore, •O2

− is generated in 
BBVs, and is mainly responsible for the mineralization of 
ortho-dichlorobenzene [18]. In this study and Sun et al. [18], 
the hydrothermal method was used to synthesize BBVs and, 
in both studies, •O2

− played the most important role in the 
photocatalytic reactions.

4. Conclusions

In this study, the single-step hydrothermal method was 
used to prepare BBVs. The measured surface areas followed 
the order BBVs > BiVO4 > Bi2O3 and the bandgaps followed 

 
Fig. 11. Energy band diagram and possible charge-separation process of BBVs.
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the order Bi2O3 > BBVs > BiVO4. 0.25BBV exhibited the highest 
photocatalytic activity. The rates of photocatalyzed removal 
of RR2 by 0.25BBV followed the order UV > Solar > Vis. 
and pH 3 > pH 9. 0.25BBV had good reusability and did 
not undergo photo-corrosion under UV or Vis. irradiation. 
The enhanced photocatalytic activity of BBVs was primarily 
attributable to the Bi2O3/BiVO4 p-n heterojunction structure. 
The transfer of charges between Bi2O3 and BiVO4 inhibited 
the recombination of photo-generated electrons and holes, 
resulting in higher photocatalytic activity than that of Bi2O3 
or BiVO4 alone. A study of the photocatalytic mechanism 
revealed that •O2

− and h+ were the main reactive species in 
the BBV photocatalytic systems herein.
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