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a b s t r a c t
In this investigation, different synthetic procedures were used to generate Bi2O3 (BOS)/BiVO4 
(BVO) and BOS/Ag3VO4 (AVO) composites. The BOS/BVO composites that were produced by 
single-step and two-step processes were denoted as BB1 and BB2, respectively; the BOS/AVO com-
posites that were formed by these processes were denoted as BA1 and BA2, respectively. All pho-
tocatalysts were prepared by a hydrothermal process, except for BOS, which was prepared by a 
solvothermal process. The prepared composites were characterized by X-ray diffraction, scanning 
electron microscopy, photoluminescence spectroscopy, UV-vis diffuse reflectance spectroscopy, 
X-ray photoelectron spectroscopy, and specific surface area analysis. C.I. Reactive Red 2 (RR2) 
was used as the parent compound in photocatalytic reactions to compare the photoactivities of 
the photocatalysts. The RR2 photodegradation exhibited pseudo-first-order kinetics. Under visi-
ble light irradiation, the RR2 photodegradation rate constants of BVO, AVO, BOS, BB1, BB2, BA1, 
and BA2 were 0.120, 0.168, 0.042, 0.750, 0.354, 1.062, and 1.244 h–1, respectively. The improvement 
of photocatalytic activity was attributed to the prolongation of the lifetime of photo-generated 
electron–hole pairs in BOS/BVO and BOS/AVO composites. The findings of this study suggest that 
the photo-generated holes and superoxide anion radicals are the dominant reactive species in the 
oxidative degradation of RR2 in the UV/BB2 system; additionally, hydroxyl radicals are the domi-
nant oxidative species in the UV/BA2 system.
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1. Introduction

Semiconductor photocatalysis has been regarded as an 
ideal green technology for removing organic pollutants from 
wastewater. Recently, more and more attention has been paid 
to the use of photocatalysts for environmental purification 

and energy conservation. The natural solar spectrum con-
sists of near-infrared, visible (Vis.), and ultraviolet (UV) 
light [1]. Researchers have devoted much effort to the fab-
rication of Vis.-driven photocatalysts for use in the treat-
ment of wastewater. The ideal photocatalyst should have a 
low band gap, high dispersibility, non-toxicity, resistance to 
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photo-corrosion, and outstanding photocatalytic activity in 
the degradation of pollutants under Vis. illumination.

BiVO4 (BVO) is an n-type semiconductor with high 
chemical stability and photo-stability. The photocatalytic 
behavior of pure BVO must be improved because of the 
rapid recombination of photo-induced carriers therein [2,3]. 
Ag3VO4 (AVO) is another n-type semiconductor, which has 
a narrower band gap and has attracted considerable atten-
tion as a potentially useful photocatalyst. However, AVO 
has some inherent shortcomings, such as low charge sep-
aration and high photo-corrosion [4]. Both BVO and AVO 
must therefore be modified to increase their photoactivity.

The formation of semiconductor composites can enhance 
charge separation relative to that in its constituents and 
slow down the recombination of photo-induced electron–
hole pairs, which has been intensively studied [5,6]. The 
combination of p- and n-type semiconductors is most effec-
tive in this regard because such a combination forms a p–n 
heterojunction. The p–n heterojunction, with an internal 
electric field, can significantly promote the separation of 
photo-generated charge carriers and improve degradation 
efficiency [7]. To overcome the shortcoming of BVO and 
AVO, the combination of BVO and AVO with another semi-
conductor to form a p–n heterojunction has been proposed, 
with the aim of improving electron–hole pair separation 
and interfacial charge transfer efficiency, to increase photo-
catalytic activity.

BVO can be coupled with various semiconductors, such 
as TiO2 [8–10], BiFeO3 [11,12], CuInS2 [13], CuS [14], Bi2WO6 
[15], WO3 [16], AgI [17], β-FeOOH [18], FeVO4 [19], InVO4 
[20,21], BiOCl [22], WO3 [23], BiFeWO6 [24], Bi2O3 (BOS) 
[3,25–30], Ag2S [31], and Ag3VO4 [32] to improve its photo-
catalytic activity. Mao et al. [26] synthesized BVO/BOS com-
posite using a solvothermal method followed by annealing. 
Qui et al. [28] prepared BVO/BOS composite by a chemical 
bath deposition method, followed by calcination treatment 
in an N2 atmosphere. Sun et al. [29] generated BVO/BOS 
composite using a simple one-pot hydrothermal method. 
Li and Yan [25] prepared BVO/BOS heterojunctions by 
directly mixing two semiconductors. The enhanced photo-
catalytic activity thus achieved was attributed to the larger 
specific surface areas, outstanding charge migration, and 
electron–hole separation of the BVO/BOS composites.

Heterojunctions that comprise AVO in combination 
with other semiconductors have potentially a wide range 
of applications because they can effectively separate photo-
generated charges and improve photocatalytic performance; 
these include CoTiO3 [33], Ag2MoO4 [34], Co3O4 [35], NiO 
[36], g-C3N4 [37], MgFe2O4 [38], NiTiO3 [39], BOS [4], Bi2WO6 
[40], BiOIO3 [41], and RbxWO3 [1]. The formation of a het-
erojunction between a photocatalyst and AVO increases the 
Vis.-harvesting ability of the composite and provides effi-
cient photo-generated hole–electron separation, which 
results in the generation of many active species in the hybrid 
system and consequently excellent photocatalytic activity.

Recently, the p-type BOS semiconductor, as the sim-
plest bismuth oxide, has attracted much attention owing to 
its numerous favorable properties, such as wide band gap 
range (2.0–3.96  eV), good electrochemical performance, 
and high oxygen-ion conductivity [29]. Accordingly, in this 
study, BOS will be combined with BVO or AVO to form a p–n 

heterojunction to promote the photoactivity of BVO or AVO. 
Since the synthetic method and procedure influenced the 
photocatalytic activity and morphology of a photocatalyst 
[2], single-step and two-step processes will be used herein 
to synthesize BOS/BVO and BOS/AVO composites. The 
objectives of this work are (i) to compare the effects of the 
procedures for synthesizing BOS/BVO and BOS/AVO com-
posites on photocatalytic activity; (ii) to determine the sur-
face characteristics of the prepared photocatalysts; and (iii) 
to propose possible mechanisms by which the photoactivities 
of BOS/BVO and BOS/AVO composites are enhanced.

2. Materials and methods

2.1. Materials

Bismuth nitrate (Bi(NO3)3·5H2O), ammonium metavana-
date (NH4VO3), trisodium citrate (TCD, Na3C6H5O7·2H2O), 
NaOH, HNO3, disodium ethylenediamine tetraacetate 
(EDTA-2Na, C10H14N2O8Na2·2H2O), and potassium chro-
mate (K2CrO4) were all purchased from Katayama (Japan). 
Sodium orthovanadate (Na3VO4) was obtained from Alaf-
Aesar (USA). Silver nitrate (AgNO3), sodium nitrite (NaNO2), 
and C.I. Reactive Red 2 (RR2, C19H10Cl2N6Na2O7S2) were all 
obtained from Sigma Aldrich (USA). Ethylene glycol (EG) 
and isopropanol (IPA) were purchased from J.T. Baker 
(USA). All reagents were of analytical grade and used with-
out further purification. Deionized water (D.I. water) was 
used throughout this study.

2.2. Procedures for synthesizing photocatalysts

BVO, AVO, BOS/BVO, and BOS/AVO composites were 
all prepared using a hydrothermal process. BOS was gener-
ated by a solvothermal process.

2.2.1. BVO

The procedures for synthesizing BVO were modified 
from those used by Wu et al. [3], and the details are as fol-
lows. 2.4745  g of Bi(NO3)3·5H2O was added to 60  mL 2  M 
HNO3 to form solution A. 0.5850 g of NH4VO3 was dissolved 
in 60 mL 2 M NaOH to yield solution B. 0.4456 g of TCD was 
dissolved in 20 mL D.I. water t.o form solution C. Solutions 
A, B, and C were mixed and adjusted to pH 1 by adding 
10 M NaOH or HNO3 and stirred (600 rpm) for 30 min. The 
adjusted mixture was sealed in a 200 mL Teflon-lined stain-
less steel autoclave and heated at 473 K under self-generated 
pressure for 12  h; it was then allowed to cool naturally to 
room temperature. Resulting precipitates 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 to yield BVO.

2.2.2. AVO

The procedures for synthesizing AVO were modified 
from those used by Wu et al. [4], and the details are as 
follows. 2.5845  g of AgNO3 and 0.9205  g of Na3VO4 were 
dissolved in 60  mL D.I. water to yield solutions A and B, 
respectively. 0.4456  g of TCD was dissolved in 20  mL D.I. 
water to form solution C. Solutions A, B, and C were mixed 
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and adjusted to pH 13 by adding 10 M NaOH or HNO3 and 
stirring (600  rpm) for 30  min. The adjusted mixture was 
sealed in a 200 mL Teflon-lined stainless autoclave and main-
tained at 393 K for 6 h. The subsequent steps and conditions 
for the formation of AVO were as for BVO.

2.2.3. BOS

A 4.949 g mass of Bi(NO3)3·5H2O was added to 110 mL 
EG to form solution A. Thirty milliliters D.I. water was added 
to solution A, whose pH was then adjusted to pH 1 by add-
ing 10 M NaOH or HNO3 and stirring (600 rpm) for 30 min. 
The solution was sealed in a 200  mL Teflon-lined stainless 
steel autoclave and heated at 473  K under self-generated 
pressure for 12 h. The subsequent procedures and conditions 
for generating BOS were those used in generating BVO.

2.2.4. BOS/BVO composites

The BOS/BVO composite that was prepared by a sin-
gle-step hydrothermal process was denoted as BB1 and that 
prepared by a two-step was denoted as BB2. Both BB1 and 
BB2 had a BOS/BVO molar ratio of unity. The procedure for 
producing BB1 was as follows. 7.4235  g of Bi(NO3)3·5H2O 
was added to 60 mL 2 M HNO3 to form solution A. 0.5850 g 
of NH4VO3 was dissolved in 60 mL 2 M NaOH to yield solu-
tion B. 0.4456 g of TCD was dissolved in 20 mL D.I. water 
to form solution C. The procedures and conditions that 
were subsequently used to obtain BB1 were those used to 
obtain BVO. To synthesize BB2, the prepared BOS particles 
were added to the solution of BVO precursors. The subse-
quent procedures and conditions that were used to gener-
ate BB2 were the same as those used to generate BVO.

2.2.5. BOS/AVO composites

BOS/AVO composite that was prepared using a sin-
gle-step hydrothermal process was denoted as BA1 and 
that prepared by a two-step process was denoted as BA2. 
Both BA1 and BA2 had a BOS/AVO molar ratio of unity. 
The procedure for producing BA1 was as follows. 2.5845 g 
of AgNO3 and 0.9205 g of Na3VO4 were dissolved in 30 mL 
D.I. water to yield solutions A and B, respectively. 0.4456 g 
of TCD was dissolved in 20 mL D.I. water to form solution 
C. 4.9192 g of Bi(NO3)3·5H2O was added to 60 mL 2 M HNO3 
to form solution D. The solutions A, B, C, and D were mixed 
and adjusted to pH 7 by adding 10 M NaOH or HNO3 and 
stirring (600  rpm) for 30  min. The subsequent procedures 
and conditions for producing BA1 were same as those for 
producing AVO. To synthesize BA1, the prepared BOS 
particles were added to the solution of AVO precursors. 
The subsequent procedures and conditions for generating 
BA2 were the same as those for generating AVO.

2.3. Analyses of surface characteristics

The crystalline phase of the prepared photocatalysts 
was characterized by X-ray diffraction (XRD) with Cu-Kα 
radiation (Bruker D8 SSS, Germany) over a 2θ range 20°–
70°. The morphology and size of the prepared photocata-
lysts were observed using scanning electron microscopy 

(SEM, JEOL 6330 TF, Japan). The band gap was calculated 
from the diffuse reflectance UV-vis. spectra of the photo-
catalysts, which were obtained using a UV-vis spectropho-
tometer (JAS.CO-V670, Japan). The photoluminescence (PL) 
spectra were measured using an excitation wavelength of 
400  nm and a Hitachi F-4500 fluorescence spectrophotom-
eter (Japan). The Brunauer–Emmett–Teller (BET) surface 
area was determined from the N2 adsorption–desorption 
isotherm using the Barrer–Joyner–Halenda (BJH) technique 
with a Micrometrics ASAP 2020 surface area analyzer (USA). 
X-ray photoelectron spectroscopy (XPS) measurements were 
made at room temperature using a PHI 5000 Versal Probe 
X-ray photoelectron spectrometer (USA). All of the binding 
energies were calibrated against that of the surface adven-
titious carbon (C 1s), 284.6  eV, as the reference. Valence 
band XPS was used to estimate the position of the valence 
band edge. The concentration of Ag that leached from pho-
tocatalysts during photodegradation was measured by 
inductively coupled plasma-optical emission spectrometry 
(ICP-OES, Perkin Elmer Optima 5300DV, USA).

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 exper-
iments except those performed to determine the effects 
of pH. Photocatalysis experiments were conducted in a 
3  L glass reactor. The light source was a 400  W Xe lamp 
(200  nm  <  wavelength  <  700  nm, UniVex BT-580, Taiwan) 
and the intensity of light from the lamp was 30.3 mW/cm2. A 
quartz appliance that was filled with 2 M NaNO2 solution was 
placed on top of the reactor to cut the UV and to provide Vis. 
[42]. Adsorption experiments were carried out 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 separated by fil-
tration through a 0.22  µm filter (Millipore, USA), and the 
RR2 concentration that remained in the filtrate was analyzed 
by measuring its absorbance at 538 nm using a spectropho-
tometer (Hitachi U-5100, Japan). The used AVO, BA1, and 
BA2 were denoted as AVO(R), BA1(R), and BA2(R), respec-
tively. To identify the main active species in the photocata-
lytic system, ethylene diamine disodium salt (EDTA-2Na), 
isopropyl alcohol (IPA), and potassium chromate (Cr(VI)), 
which scavenge the active species of photo-generated holes 
(h+) [43,44], hydroxyl radicals (•OH) [43,44], and superox-
ide anion radicals (•O2

−) [45], respectively, were added sepa-
rately to the photocatalytic reaction. The experiments were 
performed in triplicate and mean values of results reported.

3. Results and discussion

3.1. Determination of crystal properties

Fig. 1 presents the XRD patterns of all prepared pho-
tocatalysts, which exhibit several broad diffraction peaks 
that are characteristic of monoclinic BVO (JCPDS 14-0688), 
monoclinic AVO (JCPDS 43-0542), and BOS (JCPDS 51-1161) 
crystals. The sharp and intense diffraction peaks of all 
particles revealed that the samples were well crystallized. 
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The strongest characteristic diffraction peaks from BVO and 
BOS were at 28.8° and 30.2°, respectively, and those from 
AVO were at 30.9° and 32.3°. For BB1, BB2, BA1, and BA2, 
the characteristic peaks of BVO, AVO, and BOS were shifted 
to slightly lower 2θ angles. The composites yielded the dif-
fraction peaks of BVO, AVO, and BOS, suggesting the forma-
tion of BOS/BVO and BOS/AVO composites. The shift might 
have been caused by the partial doping of BVO (or AVO) into 
the BOS lattice.

3.2. Determinations of surface properties

The morphologies of the synthesized photocatalysts 
were determined using SEM (Fig. 2). The BVO, AVO, and 
BOS crystals had peanut-like, spherical, and flake-like mor-
phologies, as shown in Figs. 2a–c, respectively. Figs. 2d 
and e show that BVO powders were immobilized by BOS 
sheets; additionally, Figs. 2f and g show that AVO particles 
were immobilized by BOS sheets. SEM images in Figs. 2d–g 
also show that some BVO and AVO particles were attached 
to the BOS sheets, further revealing that the composites 
had been successfully fabricated. All prepared samples 
exhibited considerable degrees of agglomeration.

The absorption of Vis. is important in evaluating Vis.-
driven photocatalytic activity. Fig. 3 presents UV-vis absorp-
tion spectra of photocatalysts. All photocatalysts absorbed 
in the Vis. region. The band gap between the valence band 
(VB) and the conduction band (CB) of all photocatalysts is 
estimated using λ (nm) = 1,240/Eg (eV), where λ and Eg are 
the absorption band threshold wavelength and the band gap, 
respectively. The Eg values of BVO, AVO, BOS, BB1, BB2, BA1, 
and BA2 are calculated to be approximately 2.3, 1.8, 3.4, 2.4, 
2.3, 2.4, and 2.4 eV, respectively, and their respective BET sur-
face areas are 0.03, 0.67, 9.58, 8.42, 2.87, 0.31, and 0.16 m2/g 
(Table 1).

PL spectra are extensively used to identify the migra-
tion, transfer, and recombination processes of photogene-
rated electron–hole pairs in photocatalysts. A lower PL 
intensity may imply a lower recombination rate of electron–
hole pairs under light irradiation. Fig. 4 plots the PL spectra 
of BVO, AVO, BOS, BB1, and BA1. BA1 had the lowest PL 
intensity (Fig. 4), revealing separation of the photogenerated 

electrons and holes therein and inhibition of the recombina-
tion of the electrons and hole pairs, increasing photocata-
lytic activity [46,47].

XPS was used to measure the binding energy of chemi-
cal bonds and the surface chemical composition of BB1 and 
BA1 heterojunctions. The spectra confirm the presence of 
Bi, V, and O in BB1 (Fig. 5), as well as Bi, V, Ag, and O in 
BA1 (Fig. 6). The Bi 4f5/2 and Bi 4f7/2 peaks at 162.6–163.7 and 
157.2–158.2 eV, respectively, are consistent with Bi3+ (Figs. 5a 
and 6a) [48,49]. The V 2p3/2 and V 2p1/2 peaks at 515.5 and 
522.7 eV confirm the presence of V5+ (Figs. 5b and 6b) [41,48]. 
The Ag 3d5/2 and Ag 3d3/2 peaks at 367.7 and 373.7  eV are 
characteristic of Ag+ (Fig. 6c) [1,40,41]. No Ag0 is identi-
fied by peak fitting. The O 1s peaks of BB1 at 528.5, 529.9, 
and 531.2 eV (Fig. 5c) are attributed to Bi–O [49], V–O [50], 
and –OH [51] bonds, respectively. The O 1s peaks of BA1 at 
528.9, 528–529.3, 529.9, and 531.2 eV (Fig. 6d) are attributed 
to Ag–O [52], Bi–O [49,53], V–O [50], and –OH [51] bonds, 
respectively.

3.3. Evaluation of photoactivities of prepared photocatalysts

Fig. 7 displays the concentrations of RR2 removed by 
all prepared photocatalysts. The efficiencies of removal of 
RR2 after 60  min of adsorption by BVO, AVO, BOS, BB1, 
BB2, BA1, and BA2 were 16%, 8%, 8%, 30%, 14%, 15%, and 
19%, respectively (Fig. 7a). RR2 cannot be effectively decol-
orized by adsorption. After 60 min of reaction, the percent-
ages of RR2 that were removed by BVO, AVO, BOS, BB1, 
BB2, BA1, and BA2 with UV photocatalysis were 35%, 94%, 
91%, 78%, 45%, 87%, and 84%, respectively (Fig. 7b), and 
with Vis. photocatalysis were 22%, 22%, 12%, 60%, 35%, 
65%, and 71%, respectively (Fig. 7c). The photodegrada-
tion of RR2 can be regarded as following pseudo-first-order 
kinetics, and the reaction can therefore be expressed using 
the formula ln(C0/C) = kt, where C0 and C are the initial con-
centration of RR2 and the concentration of RR2 at a reac-
tion time of t, respectively, and k is the pseudo-first-order 
rate constant. A strongly linear relationship was observed 
between ln(C0/C) and irradiation time (Table 2). Under UV 
irradiation, the k values followed the order AVO  >  BA1  > 
BA2  >  BOS  >  BB1  >  BB2  >  BVO, while under Vis. illumi-
nation, they obeyed the order BA2 > BA1 > BB1 > BB2 > AV
O  >  BVO  >  BOS. Under Vis. irradiation, the degradation 
rates of RR2 in BB1 and BB2 heterojunctions were 6.25 and 
2.95 times higher than that in bare BVO, respectively; those 
in BA1 and BA2 heterojunctions were 6.32 and 7.29 times 
higher than that in bare AVO, respectively. The outstand-
ing Vis. photocatalytic performance of BOS/BVO and BOS/
AVO composites is attributable to the synergistic effect of 
BOS and BVO (or AVO). Under Vis. irradiation, the degra-
dation rate of RR2 in the BB1 heterojunction was 7.8 times 
higher than that in a mechanical mixture of BVO and BOS, 
while in the BA1 heterojunction, it was 4.1 times higher than 
that in a mechanical mixture of AVO and BOS (Table 2). 
Therefore, the formation of a p–n heterojunction was critical 
to the enhancement of Vis. photocatalysis. The improve-
ment of photocatalytic activity is attributed to the pro-
longation of the lifetime of photo-generated electron-hole 
pairs in BOS/BVO and BOS/AVO composites.

The RR2 photodegradation performance at pH 3 
exceeded that at pH 9 (Table 2) owing to the change in 

Fig. 1. XRD patterns of all prepared photocatalysts.
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 (a)  (b) 

 (c)  (d) 

 (e)  (f) 

 (g)  (h) 

 (i)  (j) 

Fig. 2. SEM image of photocatalyst (a) BVO, (b) AVO, (c) BOS, (d) BB1, (e) BB2, (f) BA1, (g) BA2, (h) AVO(R), (i) BA1(R), and (j) BA2(R).
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Fig. 3. UV-vis absorption spectra of prepared photocatalysts.

 
Wavelength (nm) 

Fig. 4. PL spectra of BVO, AVO, BOS, BB1, and BA1.

Table 1
Surface characteristics of prepared photocatalysts

Photocatalysts BET surface area (m2/g) Band gap (eV) X (eV) CB (eV) VB (eV)

BVO 0.03 2.3 6.04* 0.39 2.69
AVO 0.67 1.8 5.65** 0.25 2.05
BOS 9.58 3.4 5.95* –0.25 3.15
BB1 8.42 2.4 – – –
BB2 2.87 2.3 – – –
BA1 0.31 2.4 – – –
BA2 0.16 2.4 – – –

*Chen et al. [54]
**Li et al. [56]

Table 2
Photocatalysis rate constants and linear coefficients of RR2 in different systems ([RR2] = 20 mg/L, [photocatalyst] = 0.5 g/L, and pH = 3)

Systems Round 1 Round 2 Round 3

k (h–1) R2 k (h–1) R2 k (h–1) R2

UV/BVO 0.432 0.998 – – – –
Vis./BVO 0.120 0.990 – – – –
UV/AVO 5.124 0.958 – – – –
Vis./AVO 0.168 0.852 – – – –
UV/BOS 2.262 0.996 – – – –
Vis./BOS 0.042 0.848 – – – –
UV/BB1 1.446 (0.312)* 0.998 0.996 0.999 0.810 0.995
UV/BB2 0.384 (0.096)* 0.989 0.336 0.990 0.324 0.992
Vis./BB1 0.750 (0.096)** 0.998 0.630 0.990 0.606 0.981
Vis./BB2 0.354 0.987 0.336 0.956 0.312 0.949
UV/BA1 3.996 0.944 3.744 0.886 3.384 0.989
UV/BA2 3.264 0.989 2.058 0.977 2.022 0.976
Vis./BA1 1.062 (0.258)** 0.999 1.008 0.995 0.692 0.963
Vis./BA2 1.224 0.996 0.930 0.914 0.960 0.946

*(): at pH 9 
**(): physical mixing
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(a) (b) 

(c) 

V 2p 3/2

Fig. 5. XPS spectra of BB1 (a) Bi 4f, (b) V 2p, and (c) O 1s.

  

(b) (a) 

  

(d) (c) 

Fig. 6. XPS spectra of BA1 (a) Bi 4f, (b) V 2p, (c) Ag 3d, and (d) O 1s.
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electrostatic attraction or repulsion between RR2 and the 
photocatalyst. RR2 is an anionic dye so the electrostatic 
attraction between RR2 molecules and the photocatalyst 
was much greater at pH 3. Additionally, at a high pH value, 
the negatively charged photocatalyst surface prevented the 
sorption of hydroxide ions, reducing the formation of •OH 
and the photocatalytic activity.

After each run, the photocatalyst was collected, washed 
using D.I. water to remove residual RR2, dried at 353  K, 
and then put into fresh RR2 solution to begin a new cycle. 
In the recycling experiments, all experimental conditions 
were exactly the same as in the first cycle; the results are 
presented in Fig. 8. The photo-stability and reusability of 
the photocatalysts are vital considerations for their practi-
cal application, because photo-corrosion strongly limits their 
stability. The experimental results at the end of three cycling 
runs revealed that the photocatalytic activities of BB1, BB2, 
and BA1 were up to 85% of those in the first cycle (Fig. 8). 
The photocatalytic activity drops slightly in the third cycle 
perhaps due to the leaching of Ag from AVO or the block-
ing by some byproducts that were formed at the active sites 
of the photocatalysts during photocatalysis. Zhang and Ma 
[40,41] observed the transformation of some surface Ag+ to 
Ag0 during the recycling test, probably as a result of pho-
to-corrosion of the photocatalyst. Accordingly, photo-corro-
sion of the photocatalyst might be responsible for the slight 
drop in photocatalytic activity. The k values of all systems 
followed the order round 1 > round 2 > round 3 (Table 2).

The XRD patterns in Fig. 1 revealed a noticeable 
decrease in the intensity of the peaks from the crys-
tal structures of the used photocatalysts. The intensi-
ties of the peak at 32.3° (for AVO) followed the order 
AVO  >  BA1(R)  >  BA2(R)  > AVO(R). These results reveal 
that the AVO exhibited exceptional instability and was 
seriously affected by photo-corrosion in the photocata-
lytic reactions. Accordingly, AVO cannot be used for long-
term photodegradation. The coupling of BOS with AVO 
reduced the Ag leaching concentration from 352 to 3 mg/L 
after 60  min of photocatalysis. Before photocatalysis, 
the AVO crystal had a sphere-like morphology (Fig. 2b), 
whereas after photocatalysis, AVO(R) had a fluffy mor-
phology, as shown in Fig. 2h. The SEM images of BA1(R) 
(Fig. 2i) and BA2(R) (Fig. 2j) were similar to those of BA1 
and BA2 before photocatalysis. The results of XRD, SEM, 
Ag leaching, and photocatalysis proved that coupling 
AVO with BOS increased the photocatalytic activity and 
reusability of AVO. BOS, BVO, and BOS/BVO composites 
did not suffer from Bi leaching during photocatalysis.

To identify the main active species that were gener-
ated in the UV/BB2 and UV/BA2 systems, radical-trapping 
measurements were made. Fig. 9a shows the effects of scav-
enger addition on the photodegradation of RR2 in the UV/
BB2 system. Adding IPA had no effect on RR2 photodegra-
dation whereas adding EDTA-2Na and Cr(VI) inhibited it. 
This work suggested that h+ and •O2

− are the dominant reac-
tive species in the oxidative degradation of RR2 in the UV/
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Fig. 7. Comparisons of RR2 removal by all photocatalysts (a) adsorption, (b) UV photocatalysis, and (c) Vis. photocatalysis 
([RR2] = 20 mg/L, pH = 3, and [photocatalyst] = 0.5 g/L).
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BB2 system. In contrast, Fig. 9b shows that adding EDTA-
2Na and Cr(VI) had no effect on RR2 photodegradation, 
whereas adding IPA inhibited it. •OH is thus inferred to 
be the dominant oxidative species in the UV/BA2 system.

3.4. Mechanism of enhancement of photocatalytic efficiency

To understand the separation of the photo-generated 
charge carriers, the VB and CB energies of BVO, AVO, and 
BOS at the point of zero charge were calculated using Butler 
and Ginley equations (Eqs. (1) and (2)) [27,54,55].

ECB = X – Ee – 0.5 Eg	 (1)

EVB = ECB + Eg	 (2)

where X is the absolute electronegativity of the photo
catalyst. The absolute electronegativity is defined as the 
arithmetic mean of the atomic electron affinity and the first 
ionization energy. The X values for BOS and BVO are 5.95 
and 6.04 eV, respectively [54], and that for AVO is 5.65 [56]. Ee 
is the energy of free electrons on the hydrogen scale (4.5 eV); 
Eg is the band gap of the photocatalyst, and ECB and EVB are 
the CB and VB edge potentials, respectively [27]. The ECB 
values of BVO, AVO, and BOS are determined to be 0.39, 

0.25, and –0.25  eV relative to the NHE level, respectively. 
The EVB values of BVO, AVO, and BOS are obtained as 2.69, 
2.05, and 3.15 eV, respectively. These band edge positions of 
the photocatalysts were their potentials before contact.

Based on the measured band gap structures of BVO, 
AVO, and BOS and the trapping experiments, a mecha-
nism of the enhancement of photocatalytic performance 
of BB2 and BA2 is proposed. Fig. 10 displays energy band 
diagrams and possible charge-separation processes of UV/
BB2 and UV/BA2 systems. BOS is an intrinsic p-type semi-
conductor with a high hole mobility, so can serve as an elec-
tron donor in a photocatalyst. BVO and AVO are intrinsic 
n-type semiconductors, and can act as electron acceptors, 
providing a pathway for interfacial charge transfer. This 
difference between CB and VB potentials establishes a 
potential difference across the interface of the two photo-
catalysts, forming a heterojunction. Therefore, when BVO 
(or AVO) and BOS shells are in contact with each other, 
their band structures are reconfigured. The energy bands of 
the BOS and BVO (or AVO) shift upward and downward, 
respectively, with the diffusion of charge carriers until the 
Fermi levels of BOS and BVO (or AVO) reach equilibrium 
[28]. The newly formed band structure has a lower poten-
tial of oxidation and a higher potential of reduction, greatly 
increasing both oxidative, and reductive capacities [30]. 
The efficient separation of photo-generated electron–hole 
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Fig. 8. Comparisons of cyclic photocatalysis in different systems (a) UV/BB, (b) Vis/BB, (c) UV/BA, and (d) Vis/BA ([RR2] = 20 mg/L, 
pH = 3, and [photocatalyst] = 0.5 g/L).
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Fig. 9. Photocatalysis of RR2 in presence of scavengers for different systems (a) UV/BB2 and (b) UV/BA2 ([RR2] = 20 mg/L, pH = 3, 
and [photocatalyst] = 0.5 g/L).
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Fig. 10. Energy band diagram and possible charge-separation process (a) UV/BB2 and (b) UV/BA2.
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pairs in the p–n heterojunction may significantly inhibit the 
recombination of the photo-generated charge carriers and 
extend their lifetime.

In Fig. 10a, the holes in the VB of BOS and the photo-
generated electrons in the CB of BVO recombine directly at 
their interface. The photo-generated electrons in the CB of 
BOS are captured by the surface-chemisorbed O2 to yield 
•O2

−, while the remaining holes in BVO can directly degrade 
RR2. Since the CB edge potential of BOS is more negative 
than those of BVO and O2/•O2

− (–0.046  V/NHE) [57], the 
photo-induced electrons may be trapped by the absorbed 
O2, forming •O2

− [29]. Since the VB potential of BVO is more 
positive than the potential of •OH/H2O (2.38  V/NHE), h+ 
can trap H2O and OH− and oxidize 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 BVO directly oxi-
dize RR2. The findings herein suggest that the major active 
oxidation species in the UV/BB2 system are •O2

− and h+.
In Fig. 10b, the photo-generated electrons in the CB of 

BOS are transferred to the CB of AVO, while holes in the 
VB of AVO are transferred to the VB of BOS. However, 
the CB potential of AVO is lower than the standard reduc-
tion potential of O2/•O2

−. The reactive species •O2
− cannot be 

formed in the UV/BA2 system. Since the VB potential of BOS 
is more positive than the potential of •OH/H2O, holes can 
trap H2O and OH− and oxidize them to •OH. The proposed 
mechanisms in Fig. 10 are consistent with the results of the 
reactive species trapping experiments.

4. Conclusions

In this study, Vis.-induced BOS/BVO and BOS/AVO 
composites were synthesized by hydrothermal processes. 
The Vis. photocatalysis rates of the composites followed the 
order BA2 > BA1 > BB1 > BB2 > AVO > BVO > BOS. BB1 and 
BA1 were more active than a physical mixture of any pair 
of their constituent photocatalysts, revealing the importance 
of forming a heterojunction. The surface characteristics, 
Ag leaching, and photocatalysis results verified that cou-
pling AVO with BOS increased the photocatalytic activity 
and reusability of AVO. The efficient separation of photo-
generated electron–hole pairs in the p–n BOS/BVO and BOS/
AVO heterojunctions considerably inhibited the recombina-
tion of the photo-generated charge carriers and extended 
their lifetime, increasing their photocatalytic activity.
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