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Abstract—Bismuth vanadate and titanium dioxide 
(BiVO4/TiO2) composites, used as visible-light-driven 
photocatalysts were successfully synthesized with different mole 
ratios by coupling of a co-precipitation method with a sol-gel 
method. The phase transitions of the as-prepared BiVO4/TiO2 
composites were carried out by X-ray diffraction (XRD). The 
results clearly indicated that the as-synthesized BiVO4/TiO2 
composites presented in two crystalline phases, which were 
monoclinic BiVO4 and tetragonal TiO2 (anatase) structures.  
Raman spectroscopy provided further structural evidence as to 
the composition of the BiVO4/TiO2 composites.  In order to 
investigate the effect of TiO2 on the BiVO4 photocatalyst, X-ray 
photoelectron spectroscopy (XPS) and transmission electron 
microscopy (TEM) were used to consider the BiVO4/TiO2 
composite as comparison with the pure TiO2 and BiVO4. It was 
found that the BiVO4/TiO2 composite was formed by coupling 
TiO2 nanoparticles on surface of BiVO4 particles, rather than a 
doped material. Light absorption of the BiVO4/TiO2 composites 
across the UV-visible spectrum and band gap energy were also 
investigated by diffuse reflectance photospectroscopy (UV-vis 
DR). Furthermore, the BiVO4/TiO2 composites were fabricated 
into films by doctor blading (on glass substrates) in order to solve 
the catalysts separation issue for studying their photocatalytic 
activities evaluated via degradation of methylene blue (MB) dye 
in aqueous solution under visible light irradiation.  Photocatalytic 
results showed that composite photocatalysts having a higher 
photocatalytic activity (with pseudo-first order kinetics) than the 
pure BiVO4 and TiO2 do individually. The BiVO4/TiO2 composite 
with mole ratio of 1:1 exhibited the highest of the apparent MB 

degradation rate constant of 1.568 h-1. It is proposed that 
electronic interactions between BiVO4 and TiO2 leads to an 
improved charge separation of the coupled BiVO4/TiO2 system, 
the electrons can transfer from the conduction band of TiO2 to 
that of BiVO4, which is responsible for the enhancement in the 
rate of photocatalytic degradation. Additionally, the MB degradation 
efficiency over the BiVO4/TiO2 composite film was quite stable in 
five reuse cycles, indicating the long-term stability of the film. 
BiVO4/TiO2 composite films are intended to be used in 
photocatalytic degradation of organic pollutants in wastewater, 
especially those from the textile and the photographic industries. 

Keywords—photocatalytic degradation, innovative BiVO4/TiO2 
composite films, methylene blue, visible light irradiation 

I.  INTRODUCTION  
Bismuth vanadate (BiVO4) has attracted substantial 

attention in recent years, especially in the field of 
photocatalysis due to its narrow band gap energy of 2.4 eV, 
which allows to be excited by visible-light irradiation [1].  
Thus, it has been used in the photocatalytic degradation of 
organic dyes in aqueous solution and splitting of water for 
oxygen evolution under sunlight irradiation [1, 2]. However, 
one of limitations of the photocatalytic efficiency in pure 
BiVO4 is the fast recombination of photogenerated electrons 
and holes [3, 4]. In order to enhance the photocatalytic activity 
of BiVO4, the essential requirement is to fabricate an electronic 
barrier of the photocatalysts, which contribute to the separation 
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of the photogenerated electrons and holes. These charge 
separations prevent the electrons and holes from 
recombination. Thus, the electrons and holes have more 
opportunities to participate in reduction and oxidation reactions 
for the degradation of the organic dye on their surface [2, 5]. 
Many approaches have been attempted, such as doping these 
semiconductors with metal and nonmetals and sensitizing 
composite with other metal oxide semiconductors [2, 5, 6].  

Titanium dioxide (TiO2) is one of the most popular metal 
oxide photocatalyst for degradation of organic pollutants in 
wastewater, because of its relatively high photocatalytic 
activity and chemical stability. However, TiO2 has a wide band 
gap energy as 3.0–3.2 eV, meaning that it is limited to 
absorbing irradiation in UV region, which is only about 3–5% 
of sunlight (AM1.5) [7]. Therefore the coupling BiVO4 with 
TiO2 has been studied to improve the photocatalytic activities 
by increasing the efficient electron-hole charges separation.  

Although, the BiVO4/TiO2 composites [8–10], have already 
been studied as photocatalyst, only few paper have been found 
in the field of photocataytic degradation of organic dyes. Cao et 
al. [9] synthesized the peanut-like BiVO4/TiO2 composite 
nanostructures by hydrothermal process, and the photocatalytic 
activity of the BiVO4/TiO2 nanostructures was evaluated by 
using the degradation of Rhodamin B (RhB) under simulated 
sun light irradiation. Zhang et al. [10] reported the synthesis of 
BiVO4/TiO2 a one-step microwave hydrothermal method, and 
their photocatalytic activity was also evaluated by the 
degradation of RhB. However, this synthesis procedure is 
complicated and the surfactant is environmentally unfriendly 

Photocatalytic degradation of organic dyes by the above 
literatures was studied in the powered catalyst. Thus, in this 
research the innovative BiVO4/TiO2 composites were synthesized 
by coupling of precipitation and sol-gel methods, which also 
were firstly fabricated in film forms for studying their 
photocatalytic activities degradation of MB dye in aqueous 
solution under visible light irradiation. 

II. MATERIALS AND METHODS 

A. Synthesis of BiVO4/TiO2 composites 
BiVO4/TiO2 nanocomposite catalysts with different mole 

ratios between BiVO4 and TiO2 were synthesized by coupling a 
homogeneous precipitation and sol-gel methods.  Pure BiVO4 
powder was synthesized by the homogeneous precipitation 
method [11]. The sol-gel method reported by Wetchakun et al. 
was employed for synthesis of pure TiO2 and the BiVO4/TiO2 
nanocomposite with different mole ratios [12]. Films for 
photocatalysis were prepared by doctor blading. 0.5 g of the as-
synthesised photocatalytic powder (BiVO4, TiO2, or the 
BiVO4/TiO2 composite) was ground with 2.5 µL acetic acid, 
7.5 µL Triton X-100 and 5 mL ethanol. The slurry was ground 
with a pestle for 10 min with ethanol being added in small 
aliquots in order to break up larger agglomerates. The paste 
was then sonicated for a further 30 min. The films were 
obtained by blading ~50 µL (~5 mg, confirming by weight the 
catalyst on the film after annealing) of the above slurry on the 
glass slide (20 mm × 30 mm) on a hotplate at 50°C. These 
were then annealed in air at 500 °C for 2 h. The thickness of 

the as-prepared films was about 2.0 µm, as measured with a 
profilometer (Veeco Dektak 150). Fig. 1 shows photographs of 
TiO2, 1:4BiVO4/TiO2, 3:2BiVO4/TiO2, 1:1BiVO4/TiO2, 
2:3BiVO4/TiO2, 4:1BiVO4/TiO2 composite and BiVO4 films on 
plain glass substrates after annealing at 500°C for 1 h. 

Fig. 1. Photographs of TiO2, 1:4BiVO4/TiO2, 3:2BiVO4/TiO2, 1:1BiVO4/TiO2, 
2:3BiVO4/TiO2, 4:1BiVO4/TiO2 composite and BiVO4 films on plain 
glass substrates after annealing at 500°C for 1 h. 

B. Physical characterization 
The phase transition and crystallinity of the BiVO4/TiO2 
composite powders synthesized by the coupled precipitation 
and sol-gel methods with different ratio of BiVO4:TiO2 were 
analyzed by X-ray diffraction, a GBC MMA XRD, using 
Cu Kα radiation  (λ = 0.154 nm) at 2θ = 15−70 ° with a step 
size of 0.06 ° and a scanning speed of 0.72º/min.  

The chemical composition and electronic structure of the 
BiVO4, TiO2 and BiVO4/TiO2 composites were measured by X-
ray photoelectron spectroscopy (XPS, PHOIBOS 100 
hemispherical energy analyser from SPECS) using Al, Kα 
radiation (1486.6 eV) in fixed analyser transmission mode. The 
binding energies were calibrated with reference to C 1s line at 
284.6 eV for hydrocarbon contamination. Brunauer-Emmett-
Teller analysis of surface areas of the materials were analyzed 
by nitrogen adsorption-desorption measurements (BET, 
Adtosorb 1 MP, Quantachrome). Film morphologies were 
investigated by a Scanning Electron Microscope (SEM, JSM-
7500FA, JEOL, Japan) with the accelerating voltage and 
emission current as 5.0 kV and 10 µA, respectively. Light 
absorption of the films across the UV-visible spectrum was 
investigated with a Shimadzu UV-3600 spectrophotometer, 
with an integrating sphere attachment (Shimadzu ISR-3100). 

C. Photocatalytic degradation of methylene blue 
Photocatalytic degradation of all powders and  films were 

studied by the degradation of MB in solution (~50 µM, aq.) 
under visible-light irradiation (SOLUX Halogen lamp, with a 
400 nm cut off filter), with an illumination intensity of ~165 
mW·∙cm2. A 400 nm cut off filter was placed between the light 
source and the reactor to ensure that only visible light 
irradiation would reach the sample. Photocatalyst powders and 
films, with catalyst loading of ~0.10 g per L of MB solution, 
were put in a reactor with MB and kept under stirring. Prior to 
irradiation, the films were left for 2 h in the MB solution in 
order to attain an adsorption/desorption equilibrium. At 
irradiation time intervals of 30 min, the MB solution was 
collected and measured using a Shimadzu UV-1601 
spectrophotometer. After that, the collected solution was put 
back into the reactor. The photodegradation reaction resumed 
(< 3 min intermission). 
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III. RESULTS AND DISCUSSION 

A. Physical characterization of the BiVO4/TiO2 composites  
Fig. 2 shows the XRD patterns of pure BiVO4, TiO2 and 
BiVO4/TiO2 composite powders with mole ratios of 4:1, 3:2, 1:1, 
2:3 and 1:4.  For the XRD pattern of pure BiVO4 powder, all 
peaks could be confirmed to be the monoclinic phase of BiVO4, 
which matched well with the JCPDS file no. 75−1866. Similarly 
the XRD pattern of the pure TiO2 sample could be identified as 
the tetragonal TiO2 (anatase), JCPDS file no. 21−1272. In the 
XRD patterns, it was obviously seen that the BiVO4/TiO2 
composites with mole ratios of 3:2, 1:1, 2:3 and 1:4 showed the 
formation of two phases of monoclinic BiVO4 and tetragonal 
TiO2, which the monoclinic BiVO4 presented as a major phase 
with higher crystallinity and TiO2 as a minor phase. Furthermore, 
the TiO2 phase was not appeared in the BiVO4/TiO2 composite 
with 4:1 mole ratio possibly due to low amount, small size and 
low crystallinity of TiO2 affecting to the XRD peak of TiO2 
nonappearance. 
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Fig. 2. XRD patterns of pure BiVO4 powder, pure TiO2 powder and 

BiVO4/TiO2 composite powder with different mole ratios. 

The percentage of anatase TiO2 phase could be calculated 
by the normalized ratios of relative intensities for the (101) 
peak of anatase TiO2 and (121) peak of monoclinic BiVO4, as 
shown in equation (1) [13]. 

 VTiO2(121)   =  Ι BiVO4(121) / [ IBiVO4(121) + ITiO2(101)] (1)  α  + β  = χ. (1) (1) 

where VTiO2 denotes as volume percentage of the anatase 
TiO2, and IBiVO4(121) and ITiO2(101) are relative intensity of the 
(121) peak for the monoclinic BiVO4 and that of the (101) peak 
for the anatase TiO2, respectively. 

The average crystalline size of the BiVO4/TiO2 composite 
powders with different mole ratios synthesized by a coupling 

of precipitation and sol-gel methods were estimated from the 
Scherrer equation as shown in equation (2) [14]. 

 D  = Κ λ /βcosθ  (2)  α  + β  = χ. (1) (1) 

where D is the crystal size, λ is the wavelength of  Cu Kα 
for the X-ray source (0.154 nm) and K usually is taken as 0.89 
for spherical particles, β is the peak widths at half-maximum 
intensity (FWHM) for BiVO4 at of (121), and Bragg’s 
diffraction angle (2θ = 28.97°) [15]. 

TABLE I.  COMPARISON OF PHASE COMPOSITION AND CRYSTALLINE SIZE OF 
BIVO4/TIO2 COMPOSITE POWDERS WITH DIFFERENT MOLE RATIOS. 

Samples 
Phase Composition (%) Crystalline Size (nm) 

BiVO4 TiO2 BiVO4 TiO2 

BiVO4 
4:1BiVO4/TiO2 
3:2BiVO4/TiO2 
1:1BiVO4/TiO2 
2:3BiVO4/TiO2 
1:4BiVO4/TiO2 
TiO2 

100 
100 
95 
92 
87 
80 
- 

- 
- 
5 
8 

13 
20 

100 

18.8 
16.7 
17.2 
16.7 
16.7 
14.2 

- 

- 
- 

9.9 
7.0 
6.0 
6.6 
9.1 

 

The summarized phase compositions and crystalline sizes 
of the BiVO4/TiO2 composite powders with different mole 
ratios are shown in Table 1. It was found that BiVO4 in the 
composites had higher crystallinity even loading with similar 
or lower ratio (1:1, 2:3 and 1:4 BiVO4/TiO2 composites), and 
crystalline size of BiVO4 was observed to be bigger than TiO2. 
Furthermore, Fig. 2 clearly revealed that the intensity of the 
crystalline BiVO4 gradually decreased with increasing of the 
amount of TiO2 ratio, possibly because the TiO2 nanoparticles 
were more covered on the surface of the BiVO4 particle in the 
BiVO4/TiO2 composite. 

A comparison of Raman spectra the BiVO4/TiO2 composite 
powders with different mole ratios compared to pure BiVO4 
and TiO2 is shown in Fig. 3. The characteristic peaks of the 
pure TiO2 powder at 398.2 (B1g), 516.5 (A1g), 634.1 cm-1 (Eg) 
were attributed to the Raman active peaks of the anatase TiO2, 
similar to the results reported by (Miao et al. [16] and Xue et 
al. [17]. For the pure BiVO4 powder, Raman peaks at 208.7, 
331.9, 357.7 and 808.9 cm-1 were observed, which are typical 
vibrational bands of monoclinic BiVO4 (the label in Fig. 3) 
agreeing well with the reported works by Gotić et al. [18] and 
Zhang et al. [19]. The two Raman peaks at 331.9 and 357.7  
cm-1 were assigned to the asymmetric and symmetric bending 
vibrations of VO4

3- tetrahedron, respectively. The Raman peak 
at 808.9 cm-1 corresponded to the symmetric V–O stretching 
mode. Additionally, the Raman peak at lower a wavenumber of 
208.7 cm-1 was assigned to external vibration modes. For the 
BiVO4/TiO2 composites, characteristic Raman peaks for both 
BiVO4 and CeO2 were found in 2:3 and 1:4 BiVO4/TiO2 
composites, and the peak intensities belonged to TiO2 were 
increased when the mole ratio of TiO2 to BiVO4 increased. 
This could be attributed to a lower coverage of TiO2 particles 
on the BiVO4 surface. Interestingly, the dominant of BiVO4 
(peak at 809 cm-1) shifted to lower wavenumbers with 
increased TiO2 content. This could possibly suggest that it was 
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not the simple metal oxide mixture but the chemical interaction 
between the monoclinic BiVO4 and the anatase TiO2 existing in 
the composites, clearly seen in the 1:4BiVO4/TiO2 composite, 
leading to the decrease of the symmetry of the anatase 
TiO2 molecules [20]. 
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Fig. 3. Raman spectra of pure BiVO4, pure TiO2 and BiVO4/TiO2 composite 
powder with different mole ratios. 

In order to confirm the composition of the BiVO4/TiO2 
composite and to take a more detailed look at the interactions 
between TiO2 and BiVO4 particles, the 1:1BiVO4/TiO2 
composite was also characterized by XPS and compared with 
pure TiO2 and pure BiVO4. As shown in Fig. 4, the XPS 
spectra of (a) survey, (b) Bi 4f, (c) V 2p, (d) Ti 2p and (e) O 1s 
regions for the 1:1BiVO4/TiO2 composite compared to pure 
TiO2 and BiVO4. Fig. 4(a) represents typical XPS survey 
spectra for the TiO2, BiVO4 and 1:1BiVO4/TiO2 composite. As 
expected in the composite catalysts the spectrum displayed the 
peaks of Bi, V, O, Ti and C. The binding energy of the C 1s 
transition at 284.6 eV was used as a reference to calibrate the 
binding energies of other elements. The high resolution XPS 
spectra of 1:1BiVO4/TiO2 composite showed the binding 
energy spectra splitting of Bi 4f7/2 and Bi 4f5/2 at 159.4 and 
164.8 eV, respectively (Fig. 4(b)), which was assigned to Bi3+ 
of BiVO4 presented in separate phase [21]. The two symmetric 
spectra of V 2p1/2 and V 2p3/2 in the 1:1BiVO4/TiO2 composite 
at binding energies of 524.4 and 516.9 eV, respectively (shown 
in Fig. 4.4(c)), were characteristic of V5+ ions [21]. In Fig. 4(d), 
the 1:1BiVO4/TiO2 composite presented two spectra of Ti 2p at 
458.9 and 464.6 eV assigned to Ti 2p3/2 and Ti 2p1/2, 
respectively. The spectrum separation between Ti 2p3/2 and Ti 
2p1/2 was 5.7 eV, which was the expected oxidation state of 
Ti4+ [17]. No indicated peaks as reduced Ti3+ was observed in 
the spectra. The O 1s spectrum was located at 530.1 eV with an 
asymmetric pattern as in showed Fig. 4(e). The primary 
spectrum at 530.1 eV indicated the O2- ion, while the additional 
shoulders at higher energies assigned to surface OH- groups 
and/or chemisorbed H2O [22]. Moreover, the peaks for Bi3+, 
V5+ and Ti6+ in BiVO4/TiO2 composite had slightly shift 

compared with those in pure BiVO4 and TiO2 resulting from 
the interaction between BiVO4 and TiO2 in the composite 
system [23]. 
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Fig. 4. (a) XPS survey spectra of the TiO2, BiVO4 and 1:1BiVO4/TiO2 

composites, high-resolution XPS spectrum of (b) Bi 4f, (c) V 2p, (d) Ti 3d 
and (e) O 1s regions. 

Moreover, to further investigate the formation of TiO2 on 
BiVO4 of the 1:1BiVO4/TiO2 composite powder, which were 
performed with transmission electron microscopy (TEM), 
withimages shown in Fig. 5. Fig. 5(a) shows TEM image of 
1:1BiVO4/TiO2 composite, it was found that small nanoparticles 
of TiO2 with an average size of 10–30 nm completely cover the 
surface of the BiVO4 (approximately 80 nm in diameter). 2. It 
could be observed that the TEM image of pure TiO2 (Fig. 5(c)) 
revealed a small nanoparticle with similar to the small particles 
in Fig. 5(a). In the case of pure BiVO4 (Fig. 5(e)), it showed a 
large spherical particle with a size about 60 nm related to the 
BiVO4 particle in the composites  

The selected area electron diffraction (SAED) pattern of the 
1:1BiVO4/TiO2 composite in Fig. 5(b) can be indexed as (112) 
and (200) lattice planes of BiVO4, which came along with 
(101), (004), (200), (105) and (204) lattice planes of TiOTo 
confirm the morphologies of TiO2 and BiVO4 in the 
1:1BiVO4/TiO2 composite, TEM images of pure TiO2 and 
BiVO4 nanoparticles and their corresponding SAED pattern 
were also investigated. The SAED patterns of the pure TiO2 
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(Fig. 5(d)) and BiVO4 (Fig. 5(f)) indicated that they were 
polycrystalline and could be indexed to tetragonal TiO2 
(JCPDS 21–1271) and monoclinic BiVO4 (JCPDS 75–1866), 
respectively, which agreed well with the XRD results in Fig. 2. 

 

Fig. 5. TEM images and corresponding SAEDs (a) and (b) of 1:1BiVO4/TiO2 
composite, (c) and (d) of TiO2 nanoparticles, and (e) and (f) of BiVO4 

particles, respectively. 

Light harvesting properties of the catalyst films were 
investigated by UV-vis diffuse reflectance spectroscopy, which 
are presented in Fig. 6(a) as absorption spectra in the range of 
300–700  nm. Comparing to the pure BiVO4, the absorption 
edges of all BiVO4/TiO2 composite films showed lower 
wavelengths of about 440–460 nm. There was no such 
tendency for the BiVO4/TiO2 composite films when increasing 
the mole ratio of BiVO4. The experimentally determined 
optical band gaps were calculated from equation 3 [24].  

 (αһν) = Α(hν − Εg)1/2 (3) 

Here, A, α  and hν  represent a constant, absorption 
coefficient and the incident photon energy, respectively. The 
band gaps of the as-prepared composite films estimated from 
the intercept of the plots of (αhν)2 versus hν illustrated in Fig. 
6(b) and Table 2. It was found that the BiVO4/TiO2 composites 
showed high adsorption in visible region (520–700 nm) and 
their band gap energies (2.43–2.49 eV) was closeness to the 
pure BiVO4 (2.45 eV). 

Furthermore, the Brunauer Emmett Teller (BET) specific 
surface areas and porosity of pure BiVO4, TiO2 and 
BiVO4/TiO2 composite films with different mole ratios were 
investigated by nitrogen adsorption and desorption measurement 
to confirm to total active size area of the film surface for 
photocatalytic reaction. Table 2 shows the relationship of band 

gap energies, specific surface area and the first order rate 
constants for MB degradation of the synthesized BiVO4, TiO2 
and BiVO4/TiO2 composite with different mole ratios. 
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Fig. 6. UV-Vis diffuse absorption spectra (a) absorption in the range of 300–

700  nm and (b) the plots of (αhν)2 versus photon energy (hν) of pure 
BiVO4, pure TiO2 and BiVO4/TiO2 composite films with different mole 
ratio after annealing at 500ºC for 1 h. 

TABLE II.  THE RELATIONSHIP BETWEEN BAND GAP ENERGIES (EG), SPECIFIC 
SURFACE AREAS (SSABET), TOTAL AREA AND DEGRADATION RATE CONSTANT 

(KAPP) OF MB SOLUTION OVER BIVO4/TIO2 COMPOSITE FILMS WITH DIFFERENT 
MOLE RATIOS. 

Samples 
Properties 

Eg 
(eV) 

SBET 
(m2g-1) 

kapp 
(h-1) 

BiVO4 
4:1BiVO4/TiO2 
3:2BiVO4/TiO2 
1:1BiVO4/TiO2 
2:3BiVO4/TiO2 
1:4BiVO4/TiO2 
TiO2 

2.45 
2.48 
2.47 
2.43 
2.48 
2.49 
3.20 

15.40 
5.77 

13.57 
27.88 
32.01 
49.86 
71.05 

0.57 ± 0.04 
1.05 ± 0.10 
1.36± 0.12 
1.57 ± 0.05 
1.36 ± 0.12 
1.25 ± 0.08 
0.36 ± 0.15 

 

B. Photocatalytic activities of BiVO4/TiO2 composites 
The photocatalytic activities of the BiVO4/TiO2 composite 

films were evaluated by a degradation of MB aqueous solution 
(50 µM) under visible light irradiation (<400 nm) as a test 
reaction according to the literature [11, 25, 26]. The degradation 
of MB was monitored by examining in decreases of its 
concentration, which measured the changes in maximal 
absorption of UV-vis spectra at 664.5 nm. As shown in Fig. 
7(a), the maximum absorption peak of MB decreased gradually 
under visible light irradiation over the course of 120 min in the 
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presence of the BiVO4/TiO2 composite film. Fig. 7(b) shows 
the adsorptive and photocatalytic efficiencies of the 
BiVO4/TiO2  
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Fig. 7.  (a) UV-vis spectra of MB with 1:1BiVO4/TiO2 composite film. (b) 

Photocatalytic efficiencies of BiVO4/TiO2 composite films with different 
mole ratios and (c) First order rate constants of photodegradation of MB 
by using BiVO4, BiVO4, TiO2 and BiVO4/TiO2 composite films with 
different mole ratio under irradiation of visible light. 

 composite films with different mole ratios for MB degradation 
was defined as Ct/C0, where C0 and Ct are the initial 
concentration and the concentration of MB during the reaction 
time, respectively. Degradation experiments with pure TiO2 
and pure BiVO4 films, along with direct photolysis (no 
catalyst), were also conducted to compare with the BiVO4/TiO2 

composite films. It was found that the adsorptive efficiencies of 
all BiVO4/TiO2 composite films with different mole ratios were 
quite similar together corresponding to total surface are of the 
films calculated from BET results as shown in Table 2. In order 
to quantitatively understand photocatalytic degradation of MB, 
the pseudo-first order kinetic model as displayed [27] was 
applied for all of synthesized composite films. The pseudo-first 
order rate constants for the pure TiO2, pure BiVO4, 
1:4BiVO4/TiO2, 2:3BiVO4/TiO2, 1:1BiVO4/TiO2, 3:2BiVO4/TiO2 
and 1:4BiVO4/TiO2composite films were 0.362 ± 0.15, 1.252 ± 
0.09, 1.369 ± 0.12, 1.569 ± 0.049, 1.375 ± 0.119, 1.046 ± 
0.095, and 0.564 ± 0.043 h-1, respectively, as shown in Fig. 
7(c). From the comparison of the pseudo-first order rate 
constants, it could be concluded that optimum condition for 
synthesis the composite photocatalyst of BiVO4/TiO2 for 
degradation of MB was 1:1. 

 For BiVO4, a valence band (VB) edge potential of 1.90 V 
(NHE scale) was reported by Su et al. [28], while the VB of 
TiO2 was reported as 2.82 V (NHE scale) by Hagfeldt et al. 
[29] and Sayama et al. [30]. The estimated band gap energies 
of TiO2 and BiVO4 were 3.20 and 2.45 eV, respectively. The 
position of a conduction band (VB) edge is determined 
by ECB = EVB - Eg. Thus, the calculated CB of BiVO4 and 
TiO2 were -0.55 and -0.38 eV, respectively. 

According to Fig. 8, under visible light irradiation, MB 
molecule (-0.69 eV) in aqueous solution can adsorb the visible 
light to generate the MB* (1.17 eV) and inject electron to CB 
of BiVO4 [36], and BiVO4 can also activated by visible light to 
generate electron and hole pairs. The electron from the more 
negative CB of BiVO4 can be further injected to the CB of 
TiO2. These electrons can reduce surface chemisorbed O2to 
strong oxidizing radicals (such as O2

•-, HO2
• and OH•) and, 

which can degrade the MB molecules. 
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Fig. 8. Schematic diagram of charge separation of BiVO4/TiO2 heterostructure 
photocatalysts under visible light irradiation at pH=0 (in this system 
used at pH=5.6, therefore there will be a ~0.33V offset).  

In order to evaluate the photostability of the 1:1BiVO4/TiO2 
composite film, the experiments were carried out for five runs 
in the same experimental conditions. After each photocatalytic 
reaction, the 1:1BiVO4/TiO2 composite film was annealed at 
250ºC for 1 h to remove the adsorbed organic contaminants on 
the photcatalyst surface. The result (Fig. 9) revealed that the 
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photocatalytic efficiencies of the reused 1:1BiVO4/TiO2 
composite film slightly decreased with function of time, which 
their first order rate constants (kapp) were 1.170, 1.079, 0.883, 
0.800, 0.746 h-1 for the first, second, third, fourth and fifth 
recycles, respectively. This might be due to simple erosion 
during the degradation processes, thus indicating that the 
1:1BiVO4/TiO2 composite film was quite stability and suitable 
to use in this system. 
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Fig. 9. Recycling runs of methylene blue solution in the photodegradation on 

1:1BiVO4/TiO2 photocatalytic film. 

IV. CONCLUSIONS  
BiVO4/TiO2 composite films were successfully prepared 

using a simple, readily scalable, doctor blading technique. 
XRD results clearly indicated that the as-synthesized 
BiVO4/TiO2 composites presented in two crystalline phases, 
which were monoclinic BiVO4 and tetragonal TiO2 (anatase) 
structures. XPS and TEM results confirmed that the 
BiVO4/TiO2 composite was formed by coupling TiO2 
nanoparticles on surface of BiVO4 particles, rather than a 
doped material.  BiVO4/TiO2 composites were fabricated in 
film formed by a doctor blading technique on glass substrates 
to solve the catalysts separation issue for studying their 
photocatalytic activities evaluated via degradation of 
methylene blue (MB) dye in aqueous solution under visible 
light irradiation. Photocatalytic results showed that the 
composite photocatalysts showing a higher photocatalytic 
activity (with pseudo-first order kinetics) than the pure BiVO4 
and TiO2 do individually, which the BiVO4/TiO2 composite 
with mole ratio of 1:1 exhibited the highest of the apparent MB 
degradation rate constant of 1.568 h-1. MB degradation 
efficiency over the BiVO4/TiO2 composite films was quite 
stable in five reuse cycles, indicating the long-term stability of 
the films. BiVO4/TiO2 composite films are intended to be used 
in photocatalytic degradation of organic pollutants in 
wastewater, especially those from the textile and the 
photographic industries. 
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