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Bismuth vanadate powders were prepared by the hydrothermal method at different pH values and different hydrothermal 

time. The materials were characterized by XRD, SEM, XPS and UV-vis DRS. The photocatalytic performance was evaluated 

by the degradation of methylene blue. The effect of pH values and hydrothermal time on morphology and photocatalytic 

performance was discussed. The highest photocatalytic performance on the degradation of MB was observed under pH=1.0 

and hydrothermal time=12h for ms-BiVO4. It is concluded that the excellent photocatalytic activity of ms-BiVO4 samples at 

low pH and short hydrothermal time was associated with lower band gap and unique morphology. 
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1. Introduction 

 

In recent years, much effort has been made to develop 

novel and effective semiconductor photocatalysts, which 

serve crucial issue in photocatalytic process [1-6]. 

However, the most widely used photocatalyst TiO2 is only 

active under ultraviolet (UV) light which accounts for less 

than 5% in sunlight [7].Therefore, effective utilization of 

visible light has become one of the most difficult 

challenges in photocatalysis, and it is highly desirable to 

develop a phoocatalyst that can use visible light in high 

efficiency [8-10]. As for this aim, different strategies have 

been put forward to broadening the light absorption edge. 

The alternative option consists of the creation of new kind 

of semiconductors with small band gap which allows 

visible light absorption. Among these new families of 

visible active photocatalysts, bismuth vanadate has been 

widely reported to exhibit good photocatalytic properties. 

BiVO4 which was firstly suggested by Kudo et al. is 

considered as a promising visible light-active 

semiconductor with a fairly strong oxidation power 

[11-13]. 

According to previous reports, BiVO4 appears in three 

main crystalline phases: zircon-tetragonal (zt-BiVO4), 

tetragonal-scheelite (ts-BiVO4) and monoclinic-scheelite 

(ms-BiVO4) [14,15]. Tetragonal BiVO4 with a 2.9 eV band 

gap mainly possesses a UV absorption band. While the 

monoclinic scheelite BiVO4 with a 2.4 eV band gap has 

both a visible-light absorption band and a UV absorption 

band. The UV bands observed in the tetragonal and 

monoclinic BiVO4 are assigned to the band transition from 

O 2p to V 3d.  Thus it is concluded the visible light 

absorption is due to the transition from a valence band 

(VB) formed by Bi 6s or a hybrid orbital of Bi 6s and O 2p 

to a conduction band (CB) of V 3d [2,16]. 

Additionally, the Bi-O band in monoclinic BiVO4 is 

distorted which increases the separation efficiency of the 

photo-induced electrons and holes [17,18]. Therefore 

among the three crystal types of BiVO4, monoclinic 

BiVO4 exhibits much higher photocatalytic activity than 

the other two tetragonal phases. As a result it is 

extraordinarily significant to carry out research on the 

selective preparation of monoclinic BiVO4. Different types 

of BiVO4 can be synthesized through different preparation 

routes which allow selectively obtaining one of the 

mentioned structures depending on the preparation method 

[19-21]. As for the photoactive monoclinic structure, it is 

usually obtained by means of high temperature methods. 

The tetragonal form is normally achieved by aqueous 

media methods at low temperature process. The BiVO4 

which is prepared by means of hydrothermal treatments at 

mild temperatures shows lower crystallite sizes, compared 

with those obtained from solid state reaction [22,23]. 

Plenty of preparation techniques have been investigated 

including solid state [24], combustion [25], aqueous 

processes such as hydrothermal [26], polymer assisted 

coprecipitation [27], flame process [28], and spray 

pyrolysis [29]. However, among these studies on the 

synthesis of BiVO4 powders, the effect of pH values and 

hydrothermal time on crystalline phase, morphology, and 

photocatalytic performance of the powders have been 

barely reported. 
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Consequently, researching into the impact of pH 

values and hydrothermal time on morphology and 

photocatalytic performance of the powders is the priority 

goal in this study. Besides, BiVO4 monoclinic systems 

obtaining with controlled morphology and the further 

photocatalytic activity for CMB degradation have also been 

performed.  

 

 

2. Experimental 

 

2.1. Synthesis of photocatalysts 

 

The preparation of Bi-based photocatalysts were 

carried out using the corresponding amounts of 

Bi(NO3)3·5H2O,and NH4VO3 as precursors. First, 10 

mmol of Bi precursor was dissolved in dilute nitric acid 

(20ml) while amount of NH4VO3 (10mmol) was dissolved 

in sodium hydroxide solution (20ml).Then, these two 

solutions were mixed to form a yellowish suspension. 

After that the formed suspension was kept stirring for 30 

min. Thirdly, the suspension was transferred into a Teflon 

recipient which was placed inside of stainless steel 

autoclave for hydrothermal treatment. Beforehand, the 

suspension was controlled at pH = 1, 4, 7 and 10 by 

respectively adding the appropriate amount of sodium 

hydroxide solution. The hydrothermal treatment was 

controlled at 180 
o
C for 12, 24, 36 and 48 h, separately. 

Forth, all the prepared photocatalysts were repeatedly 

washed and centrifuged followed by drying at 80 
o
C. At 

this stage, the catalysts by hydrothermal method was 

completed which are named as H x-T where x and T 

denote the pH value and the hydrothermal time, 

respectively. 

 

2.2. Materials characterization 

 

The sample morphology and surface elemental 

content were examined using a scanning electron 

microscope (FE-SEM, Model JEOL, JSM-6700F) 

equipped with energy dispersive X-ray spectroscopy (EDX, 

Rigaku Corporation). X-ray diffraction (XRD) spectra 

were obtained by a powder X-ray Diffractometer (RINT 

2500, Rigaku Corporation, Japan) using Ni-filtered Cu Kα 

radiation in the range of 2 from 10
o 
to 90

o
. The crystallite 

size was obtained using MDI Jade 6.0. X-ray 

photoelectron spectroscopy (XPS) patterns were measured 

using X-ray photoelectron spectroscopy (Thermo, 

ESCALAB 250) to analyze the surface components with 

Al Kɑ radiation, and all spectra were referenced by setting 

the hydrocarbon C1s peak to 285.0 eV to compensate for 

residual charging effects. The UV-vis absorption spectra 

were recorded on a UV –vis spectrophotometer (Shimadzu, 

Model UV-2550) in the wavelength range of 200-800nm. 

 

 

 

2.3. Photocatalytic degradation of MB 

 

The MB photocatalytic degradation experiments were 

conducted in a batch reactor with a 500W Xenon lamp. 

The intensity of the incident light on the solution surface 

was controlled at 10000 Lux. The blank experiment was 

performed without catalyst and dye degradation was not 

observed after 2 h. In a typical MB photocatalytic 

degradation experiment, prior to the commencement, a 

100 mL suspension containing 0.1 g photocatalysts 

(dosage = 1 g/L) and MB (10 mg/L) was prepared under 

magnetically stirred in darkness for 30 min to attain 

adsorption/desorption equilibrium. After equilibrium, the 

Xenon lamp was switched on. At designated time intervals, 

aliquots of the solution were centrifuged using centrifugal 

machine (Model TGL-16C) and subsequently analyzed 

using a spectrophotometer (Model UNICO 2100 visible) at 

664 nm. In the case for MB, the dye discoloration 

proceeds by chromophore cleavage since no significant 

shift was observed in its characteristic UV-vis band 

followed the photoactivity study. 

 

 

3. Results and discussion 

 

3.1 XRD analysis 

 

Fig. 1. XRD patterns of BiVO4 powders prepared by 

hydrothermal method at the same hydrothermal time (12h) 

and different  pH  values :  (a) pH=1, (b)  pH=4, (c)  

               pH=7 and (d) pH=10. 

 

The XRD patterns of the BiVO4 samples prepared at 

different conditions are shown in Fig.1. Hydrothermal 

treatment leads to single monoclinic phase in three series 

(H 1, H 4 and H 7), but in H 10 Bi2O3 and Bi2VO5.5 are 

slightly observed. When the pH value of the precursor was 

1, Bi(NO3)3·5H2O was hydrolyzed (as shown by reactions 

3-1 and 3-2) 
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More H
+
 species and a small amount of slightly soluble 

BiONO3 was generated [30-32], little BiVO4 was formed, 

as shown in reaction 3-3. 

 

Zhou et al. found it was easy to generate the 

monoclinic sheelite BiVO4 (ms-BiVO4)) crystals with high 

crystallinity, because ms-BiVO4 was thermodynamically 

more stable than the polymorph with the tetragonal zircon 

structure (tz-BiVO4) under strong acidic conditions 

(pH≤0.59) [33].
 
Tan et al. found that the formation of 

tz-BiVO4 was feasible kinetically when pH increase [34]. 

However, tz-BiVO4 peaks for all the as-prepared samples 

were not obviously recognized. As the pH increased from 

1 to 7, pure ms-BiVO4 was obtained, as shown in Fig. 1. 

This could be ascribed to that the H
+
 species were 

consumed gradually as the pH values increased, which 

induced the reversible reaction equilibrium to the right 

direction, as shown earlier in reactions 3-1 and 3-2. 

Therefore, when pH ≥ 1, the amount of BiONO3 became 

greater and the generated amount of BiVO4 also increased. 

Furthermore, as a mineralizer, OH
-
 forced the generation 

of tz-BiVO4 at the first stage (pH ≤ 0.59) and the 

following transformation to ms-BiVO4 via a 

dissolution-recrystallization process [35]. What’s more, 

NaOH could determine the concentration of the monomer 

in the solution, adjust the nucleation rate and crystal 

growth rate of BiVO4  [12] , making the crystals generate 

stable monoclinic. In addition, it was observed that the 

peaks for ms-BiVO4 crystals first showed very high and 

then became weakened. This observation means the 

ms-BiVO4 crystals first showed enhanced crystallinity and 

then a weakened tendency toward crystallization when 

influenced by the increased amount of OH
-
. Thus, the 

samples of pH=1 have high photocatalytic efficiency due 

to their distinct monoclinic phase structure and high 

intensity. At pH = 10, the peaks corresponding to Bi2O3 

and Bi2VO5.5 appeared. Under alkaline conditions, the Bi
3+ 

species could be easily hydrolyzed and aggregated to form 

the high polymer (seen in reaction 3-4): 

 

The high polymer was dissolved to generate Bi2O3.  

As shown in SFig. 1, the effect of hydrothermal 

treatment time on the BiVO4 crystallinity is also be tested. 

The crystal sizes for as-synthesized samples were listed in 

Table 1 and were calculated from Scherrer equation: 

 

Lc is the crystal size, λ is 0.15418nm,K=0.89, 

β=(FWHM/180°)╳3.14 and 2θ=28.9°. 

The crystal size for BiVO4 became smaller with pH 

increase from 1 to 7 and finally reached minimum for 

Bi2O3. In addition, the crystal size nearly remained 

constant at 27.86, 24.20, 24.70 and 14.92 nm (Table 1) 

corresponding to pH 1, 4, 7 and 10, respectively. 

Comparing the crystallite size of these samples, it can be 

noticed that the preparation at longer hydrothermal time 

seems to induce slightly higher crystallite sizes. It can be 

deduced that as the hydrothermal time increases, an 

improvement in the crystallinity is achieved without 

changing the crystalline structure(Fig.2). 

 

Fig. 2. XRD patterns of BiVO4 powders prepared by 

hydrothermal method at the same pH value (pH=1) and  

different  hydrothermal times: (a) 12h (b) 24h (c) 36h (d) 48h. 

 

 

By observing the relationship between the different 

diffractions corresponding to (011), (040) and (002) planes, 

it is possible to infer that H 1 and H 7 series showed a 

clear preferential orientation for (040) plane (Table 1). On 

the contrary, for H 4, it appeared that (011) plane exhibited 

a relatively higher intensity comparing to the theoretical 

one. At the same time, the I (040) / I (121) ratio appeared to be 

notably shrunken. The effect was related with the 

anisotropic growth of the particles which showed an 

acicular morphology. 

 

3.2 Effect of pH 

 

Fig. 3 shows SEM images of BiVO4 powders 

prepared via the hydrothermal method at different pH 

values. As shown in Fig. 3a, the prepared polyhedral 

BiVO4 at pH 1 showed irregular polyhedron. Normally, 

after the supersaturation of the precursor solution, the 

ms-BiVO4 particles would nucleate. And then polyhedral 

crystals would be formed after the continuous monomer 

precipitation on the ms-BiVO4 crystal nuclei. Similarly to 

the Fig. 3a, the prepared BiVO4 at pH 4 also exhibited 

polyhedral crystal, but smaller size. This is consistent with 

the above XRD analysis. When furthering adding NaOH, 

pH in the precursor solution increased to 7, both of 

irregular polyhedral crystal and loose sphere profile 

appeared. It meant the morphology transformation from 

irregular polyhedral crystal to loose sphere took place. 

With the high pH=7, the edges of ms-BiVO4 could be 

dissolved, thus resulted in smaller particles. In addition, 

NaOH consumed H
+
 and pushed the reversible reactions 

(3-1, 3-2 and 3-3) equilibrium to the right direction. As a 
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consequence, much more amount of intermediate products 

during the above reactions was used for the formation of 

crystal seed, and less could be applied for forming 

monomer and decreased crystal growth. These discussions 

could explain the loose sphere profile was composed of 

small polyhedral crystal. When pH increased to 10, phase 

transformation occurred and the Bi2VO5.5 and Bi2O3 

crystal took place of ms-BiVO4. As discussed in XRD 

analysis, alkaline conditions could lead to Bi
3+

 species 

hydrolyzing. Therefore, besides the composition of 

Bi2VO5.5, Bi2O3 was formed. It should be noticed that the 

crystal size at pH 10 was the smallest in all of the 

as-prepared samples, but not the best photocatalytic 

performance. The first, high pH value would promote the 

nucleation rate and weaken the crystal growth rate, thus 

result in a smallest size. The second, Bi
3+

 species 

hydrolyzing would cause the stoichiometric imbalance for 

the reaction 3-2. And this was adverse for the formation of 

BiVO4. Furthermore, the small crystal grains easily 

aggregated (seen in Fig. 3d). This aggregation could be 

responsible for the decreased photocatalytic activity. 

It indicated that pH value has a great influence on the 

crystal phase, shape, and size of the final product, and high 

pH was not beneficial for the generation of ms-BiVO4. 

Similar phenomenon was also reported in the literature 

which demonstrated that pH value of the reaction system 

had a significant influence on morphology, structures and 

the growth processes of BiVO4 nanostructures
 
[34].  

We can demonstrate the effect of pH value on the 

crystal characteristics from how the pH influence the 

reversible reactions (3-1, 3-2 and 3-3). Acid conditions 

would result in high concentration of free Bi
3+

, and thus 

lead to favorable crystal growth and good crystallinity. 

With the increase of pH value from 1 to 7, Bi
3+

 species 

were consumed so that nucleation rate was higher than 

crystal growth rate, which result in a relative smaller 

crystal size. When pH increased to 10, OH
-
 promoted 

hydrolysis of Bi(NO3)3 and thus led to the formation of 

Bi2O3 and mixed crystal.  

 

 

Fig. 3. SEM images of BiVO4 samples prepared from 

hydrothermal method at the same hydrothermal time (12h) 

and different pH values: (a) pH=1, (b) pH=4, (c) pH=7 

and (d) pH=10. 

3.3 XPS analysis 

 

 

 

Fig. 4. (A)overall (B) Bi 4f (C) V2p3/2 (D) O1s XPS 

spectra of BiVO4 samples prepared at the same 

hydrothermal  time (12h)  and different pH values: (a)  

       pH=1, (b) pH=4, (c) pH=7 and (d) pH=10. 

 
 
The overall and elements XPS spectra for the 

ms-BiVO4 are shown in Fig.4. From the wide scan XPS 
spectra (Fig. 4A) of the BiVO4 samples, one can see that 
the XPS signals of Bi, V, O, and C were detected. It was 
observed from Figure 4B that the Bi 4f spectrum showed 
two sets of spin-orbit doublet peaks of the Bi 4f5/2 
(158.4-161.3 eV) and Bi 4f7/2 (163.7-166.7 eV) signals 
[36]. The binding energies of Bi 4f spectrum for 
as-synthesized samples were listed in Table 2. For all the 
prepared BiVO4 samples, the components of Bi spectrum 
included the two peaks at 158.4 and 163.7 eV, which were 
assigned both corresponding to Bi

3+
 species. Besides, the 

left 4f doublets at 159.8-161.3 eV and 165.3-166.7 eV 
were attributed to the surface Bi

5+
 species [37-39]. As the 

pH increased from 1 to 7, the peaks at 158.4 and 163.7 eV 
became weaker and smaller, while, the other peaks 
corresponding to Bi

5+
 became sharper and stronger. The 

result showed that the OH
-
 could catch the electrons of Bi 

oxide and convert some Bi
3+

 ions to Bi
5+

 ions, and thus 
resulted in ms-BiVO4 crystallinity loss (corresponding to 
XRD results). However, when pH increased from 7 to 10, 
the peaks at 158.4 and 163.7 eV became sharper, while, 
other peaks became weaker. This was because Bi2O3 began 
appearing at pH 10. Figure 4C showed the V 2p3/2 XPS 
spectra of samples. The V 2p3/2 spectrum of each sample 
could be decomposed into two components at BE 515.6 
and 516.5 eV, corresponding to the surface V

4+
 and V

5+
 

species [40,41]. This result indicated that surface V
4+

 and 
V

5+
 species co-existed in these samples. Such a V 2p3/2 

spectral feature are common in monoclinic BiVO4 [3]. As 
shown in Fig. 4D, there were two components at BE 529.1 
and 532.1 eV, assignable to the surface lattice oxygen (Olatt) 
and adsorbed oxygen (Oads, e.g., O

-
, O2 or O2

2-
) [42, 43]. 
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Fig. 5. UV-vis DRS spectrum of BiVO4 samples prepared 

at the same hydrothermal time (12h) and different pH 

values: (a) pH=1, (b) pH=4, (c) pH=7 and (d) pH=10. 

 

 

Fig. 6. Photocatalytic degradation of MB (initial 

concentration 10mg/L) versus simulated sunlight 

irradiation time (500W Xenon lamp, the intensity of the 

incident light on the solution surface was controlled at 

10000 Lux), using BiVO4 samples（catalyst dosage 1g/L） 

prepared at  the  same hydrothermal time (12h)  and  

      different pH values via hydrothermal method. 

 

Table 1. Crystal size and structural characterization for synthesized samples. 

 

Sample   
Crystal 

size(nm) 
I(011)/I(121) I(040)/I(121) I(002)/I(121) 

12h H 

pH=1 27.86 0.238 0.353 0.127 

pH=4 24.20 0.232 0.219 0.121 

pH=7 24.70 0.217 0.373 0.084 

pH=10 14.92 - - - 

24h H 

pH=1 27.86 0.252 0.449 0.09 

pH=4 24.20 0.277 0.219 0.108 

pH=7 25.5 0.195 0.333 0.091 

pH=10 16.27 - - - 

36h H 

pH=1 27.74 0.274 0.325 0.105 

pH=4 24.20 0.233 0.219 0.104 

pH=7 26.417 0.153 0.154 0.105 

pH=10 15.526 - - - 

48h H 

pH=1 27.38 0.275 0.282 0.129 

pH=4 26.10 0.302 0.218 0.103 

pH=7 26.31 0.189 0.422 0.089 

pH=10 23.1 - - - 

 

 

Table 2. Binding energies for components of Bi 4f spectrum. 

 

Samples Bi4f7/2 Bi4f7/2 Bi4f5/2 Bi4f5/2 

H 1-12 158.4 159.9 163.8 165.3 

H 4-12 158.5 161.3 163.8 166.7 

H 7-12 158.4 161.2 163.7 166.6 

H 10-12 158.3 160.3 163.7 166.1 

 

 

3.4 DRS analysis 

 

The UV-vis DRS of polycrystalline and BiVO4 

samples are shown in Figure 5. All the samples showed 

very strong absorption in the UV-light region, but not in 

the visible-light region. The samples prepared at pH = 1, 4 

and 7 from hydrothermal method showed absorption edge 

in the visible-light regions for 538, 530, 520 nm, 

respectively. At pH 10, the absorption curve of the 

as-prepared samples showed the apparent step-like within 

regions of 430−520 nm, which was related to its 
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mixed-phase structure: BiV2O5.5 and Bi2O3, as discussed in 

XRD and SEM analysis. The band gaps estimated by 

extrapolating the linear region of a plot of the absorbance 

squared vs energy[44] are 2.30, 2.33, 2.38 and 2.56 eV for 

H1-12, H4-12, H7-12 and H10-12, respectively. These 

results were similar to the previous reports [45, 46] and 

indicated the electronic structure of BiVO4 was changed as 

the crystalline phase changed. 

 

 

3.5 Photocatalytic activity  

 

The variation of MB concentration(C/C0) with 

irradiation time over the different BiVO4 samples was 

shown in Fig. 6, where C0 is the initial concentration of 

MB solution before irradiation and C is the concentration 

of MB at t time. As shown in Fig. 6, the BiVO4 samples 

prepared at pH 1 exhibited the best photocatalytic 

degradation of 63% for MB after 5 h visible light 

irradiation. And with the pH from 1 to 10, the 

photodegradation of MB by BiVO4 samples decreased 

from 63% to 19%. This is because the loss of ms-BiVO4 

crystallinity from pH 1 to 7 and the replacement by Bi2O3 

and Bi2VO5.5, which is demonstrated by XRD and XPS 

analysis. Generally, photocatalytic activities decreased 

with the increase of the particle size. But the BiVO4 

samples prepared at pH 1 showed the broader light 

adsorption edge than  any other BiVO4 samples. And this 

may be assigned to the best photocatalytic performance for 

BiVO4 prepared pH at 1. 

 

 

4. Conclusion 

 

In summary, BiVO4 powders have been prepared via 

the hydrothermal method, and their photocatalytic 

activities were investigated. It is found that the BiVO4 

with different crystal phases and morphologies can be 

prepared by varying the pH values and hydrothermal time 

of the precursors. As the pH increased from 1 to 7, pure 

ms-BiVO4 was obtained. When pH increased to 10, phase 

transformation occurred and the Bi2VO5.5 and Bi2O3 

crystal took place of ms-BiVO4, the OH
-
 could catch the 

electrons of Bi oxide and convert some Bi
3+

 ions to Bi
5+

 

ions, and thus resulted in ms-BiVO4 crystallinity loss. The 

electronic structure of BiVO4 was changed as the 

crystalline phase changed. The BiVO4 samples prepared at 

pH 1 exhibited the best photocatalytic degradation of 63% 

for MB after 5 h visible light irradiation. It is concluded 

that the excellent photocatalytic activity of ms-BiVO4 

samples is at low pH and short hydrothermal time. 
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