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Abstract Different crystalline phases BiVO4 nanoparti-

cles (tetragonal-zircon, monoclinic-scheelite, and

tetragonal-zircon/monoclinic-scheelite heterophase) have

been prepared by fast microwave assisted method and

annealing treatment. For the heterophase, the ratio of

tetragonal-zircon and monoclinic-scheelite phases can be

well controlled by controlling the annealing temperature.

Furthermore, a tight interface junction has been formed

between tetragonal-zircon BiVO4 and monoclinic-scheelite

BiVO4 in a nanosize level. This tight interface junction can

modify the electronic structure of BiVO4 nanoparticles,

which would be very helpful for achieving high photocat-

alytic activity.

1 Introduction

Bismuth vanadate (BiVO4) has attracted considerable

attention due to its interesting ferroelastic, acoustooptical,

and ion conductive properties [1–3]. In recent years, BiVO4

is extensively studied for its promising photocatalytic

applications such as pollutant decomposing and water

splitting under visible light irradiation [4–9]. The prop-

erties of BiVO4 strongly depend on its crystal phase.

There are three main crystalline phases of BiVO4 [7]:

tetragonal zircon (z-t), tetragonal scheelite (s-t), and

monoclinic scheelite (s-m). Generally, the z-t and s-m

forms can exist at room temperature, while the s-t form

exists at high temperatures. The room temperature z-t

phase can irreversibly transform into s-m phase when

heated up to 400–500 °C. The room temperature s-m

phase can transform into s-t phase when heated up to

255 °C, and this transformation is reversible [1]. For

photocatalytic applications, the reported studies have

shown that s-m BiVO4 has higher photocatalytic activity

than z-t BiVO4, and z-t/s-m heterophase would be more

promising than single s-m phase [7–9]. Therefore, it is of

great importance to achieve easy control of crystal phase

of BiVO4, for studying its interesting strong phase

dependent properties and achieving high photocatalytic

activity visible light driven catalyst.

Various methods have been applied to synthesize BiVO4

crystallites, such as aqueous process, hydrothermal pro-

cess, sonochemical method, and solid-state reaction

method, etc. [10–14]. Generally, s-m BiVO4 can be

obtained by high-temperature processes, whereas z-t

BiVO4 can be prepared by low-temperature processes. In

recent years, microwave assisted method has been widely

used to synthesis nanomaterials due to the advantages of

short reaction time, energy saving, high reaction rate, and

easy forming of complex oxides at low temperatures [15].

In this paper, we show that good crystalline quality z-t

BiVO4 nanoparticles can be synthesized by fast microwave

assisted method; and with further annealing treatment,

good crystalline quality z-t/s-m heterophase and s-m phase

can be obtained. For the heterophase, the ratio of z-t and

s-m phases can be well controlled by annealing treatment,
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and a tight interface junction has been formed between the

two phases.

2 Experimental

The chemicals ammonium metavanadate (Merck) and

bismuth nitrate (Merck) were of analytical grade and used

as received. In a typical preparation, 5 mmol of ammonium

metavanadate (NH4VO3) and 5 mmol of bismuth nitrate

(Bi(NO3)3·5H2O) were dissolved in 100 ml of distilled

water by stirring for 30 min at room temperature. The

obtained solution was injected to a reaction vial with filling

volume of 150 ml. The reaction vail was heated by a Sanyo

microwave oven with power of 700 W to 110 °C for 20 min

at atmosphere pressure. After microwave processing, the

solution was cooled to room temperature. The resulted

precipitates were separated by centrifugation, then washed

with distilled water and ethanol for several times, and

finally dried in an oven at 70 °C for 24 h. The as-prepared

sample was then annealed in air at temperatures of 200,

300, 325, 350, 375, and 400 °C for 5 h.

The crystallography of the nanoparticles was analyzed

using a Bruker D5005 X-ray diffractometer (XRD). The

Raman scattering was performed using a Jobin–Yvon

T64000 micro-Raman system in the back scattering

geometry with a 671 nm laser excitation. The morphology

of the nanoparticles was observed by scanning electron

microscope (SEM, S4800-Hitachi). High resolution trans-

missions electron microscopy (HRTEM) images were

conducted on a JEOL 2010 electron microscope operated at

200 kV. The UV–Vis diffuse reflectance (DRS) was per-

formed using a Jasco V670 spectrophotometer.

3 Results and discussion

Figure 1 shows the XRD patterns of the as-prepared and

thermally annealed samples. The XRD results indicate that

all the obtained BiVO4 nanoparticles were well crystal-

lized. The as-prepared sample can be well indexed to z-t

BiVO4 with the presence of characteristic diffraction peaks

of (2 0 0), (112), (312), etc. (JCPDS 14-0133). The BiVO4

samples annealed above 350 °C can be well indexed to s-m

BiVO4 with the presence of characteristic diffraction peaks

of (121), (004), etc. (JCPDS 75-1867). When annealed

above 400 °C, the intensity of all the diffraction peaks of

s-m BiVO4 shows a clear increase, indicating better crys-

talline quality nanoparticles can be obtained with annealing

above 400 °C.
The BiVO4 samples annealed from 200 to 325 °C are of

heterophase including both z-t and s-m phases. The per-

centage of s-m phase can be roughly estimated from the

normalized ration of relative intensities for the (1 2 1) peak

of s-m phase against that for the (2 0 0) peak of z-t phase

[16]:

Vs�m ¼ Is�m 121ð Þ
Is�m 121ð Þ þ Iz�t 200ð Þ

where Vs-m, Is-m(121), and Iz-t(200) denote the percentage of

s-m phase, the relative intensity of (1 2 1) peak for s-m

Fig. 1 XRD patterns of the as-prepared and thermally annealed

samples

Table 1 Effects of annealing temperature on crystalline phases and optical bangap of BiVO4 nanoparticles

Sample Annealing temperature (°C) Percentage of s-m phase (%) Eg, z-t phase (eV) Eg, s-m phase (eV)

1 As-prepared 0 2.85 –

2 200 3 2.83 2.51

3 300 8 2.75 2.45

4 325 60 2.74 2.42

5 350 100 – 2.40

6 375 100 – 2.40

7 400 100 – 2.40
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phase and that of (2 0 0) peak for z-t phase, respectively.

We estimated that the percentage of the s-m phase is about

3, 8, and 60 % for the BiVO4 samples annealed at 200, 300,

and 325 °C, respectively (Table 1).

The identity of crystal phases of the BiVO4 samples was

further confirmed by Raman study. Figure 2 shows the

Raman spectra of the as-prepared and thermally annealed

samples. For the as-prepared sample, four Raman peaks at

850, 759, 364, and 245 cm−1 can be clearly observed.

These four peaks agree well with the symmetric V–O

stretching mode (Ag symmetry), antisymmetric V–O

stretching mode (Bg symmetry), O–V–O bending mode (Ag

symmetry), and Bi–O stretching mode (Eg symmetry) of z-t

BiVO4. For the BiVO4 nanoparticles obtained with

annealing temperature above 350 °C, the Raman modes

observed in the z-t phase disappeared, and four new intense

Raman peaks at 826, 365, 325, and 210 cm−1 are clearly

observed, which are characteristic vibrational modes of s-m

BiVO4 [17]. The peak at 826 cm−1 can be assigned to

symmetric V–O stretching mode (Ag). The peaks at 365

and 325 cm−1 can be assigned to symmetric V–O bending

mode (Ag) and antisymmetric V–O bending mode (Bg) of

VO4 units, respectively. The peak at 210 cm−1 can be

assigned to external mode (rotation/translation). For the

BiVO4 nanoparticles obtained with annealing of 400 °C, in
addition the above four intense peaks, a weak Raman peak

at 709 cm−1 is observed, which can be assigned to

antisymmetric V–O stretching mode (Bg) of s-m phase.

The Raman results further confirms that the as-prepared

sample is of z-t phase; with annealing above 350 °C, single
Fig. 2 Raman scattering spectra of the as-prepared and thermally

annealed samples

Fig. 3 FESEM images of the samples as-prepared (a), annealed at 325 °C (b), and 400 °C (c), d is the HRTEM image of the sample annealed at

325 °C
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s-m phase can be obtained, and with annealing above 400 °
C, the crystalline quality of s-m BiVO4 can be improved.

These are in good agreement with XRD results in Fig. 1.

For the as-prepared sample, a very weak Raman peak at

200 cm−1 is also observed. With annealing of 200 and 300 °
C, the peak intensity slowly increases and peak position

shows blueshift. With further increasing annealing tem-

perature to 325 °C, the peak intensity shows a quick

increase and peak position further blueshifts to 210 cm−1.

The Raman results indicate that in the as-prepared sample,

the content of s-m phase would be significantly below 3 %

therefore not detectable by XRD measurement. Consistent

with the XRD results, the Raman results also suggested that

with annealing below 300 °C, only a few percent z-t BiVO4

is transformed into s-m BiVO4; the significant phase

transition occurs 325 °C, at this temperature 60 % percent

z-t BiVO4 can be transformed into s-m BiVO4.

The morphology of the samples was revealed by field

emission scanning electron microscopy (FESEM). Fig-

ure 3a–c present the FESEM images of the samples as-

prepared, annealed at 325 and 400 °C, respectively. The
FESEM images indicate that the BiVO4 nanoparticles are

mainly sphere like particles with crystalline size of about

several hundred nanometers. The FESEM image showed

that with 400 °C annealing, the surface morphology of

nanoparticles is clearly improved, indicating better crys-

talline quality. This is consistent with XRD and Raman

results. Importantly, the FESEM showed that in the het-

erophase BiVO4, the nanoparticles are closed packed,

which may indicates that a tight interface junction could be

formed between z-t BiVO4 and s-m BiVO4 in a nanosize

level. The tight interface junction is also indicated by the

high-resolution transmission electron microscopy

(HRTEM) image of heterophase BiVO4 nanoparticles, as

presented in Fig. 3d. The lattice spacing of 0.312 nm

corresponds to the (103) crystalline plane of s-m BiVO4,

whereas the fringe of 0.227 nm matches the (301) crys-

tallographic plane of z-t BiVO4. Furthermore, to be

discussed below, the absorption spectra also suggest that a

tight interface junction would be formed between z-t

BiVO4 and s-m BiVO4 in a nanosize level. The formation

of tight interface junction between two phases may helpful

for separation of photogenerated charge carriers, thus

achieving high photocatalytic activity.

Figure 4 presents the UV–Vis diffuse reflectance (DRS)

spectra of the as-prepared and thermally annealed samples.

As can be seen from Fig. 4, with the phase transition from

z-t BiVO4 to s-m BiVO4, the absorption spectra varied in

an ordered fashion. The as-prepared sample showed a steep

absorption 450 nm and a tail absorption 500 nm. Similar

tail absorption was also observed by Zhang et al. [18],

which suggested that the tail absorption may result from

the crystal defects formed during the growth of BiVO4

nanoparticles. Our results indicate that the weak tail

absorption would be correlated with very small amount of

s-m phase in the as-prepared sample.

A steep absorption would indicate bandgap transition.

For a crystalline semiconductor, the band edge absorption

follows the formula αhυ = A(hυ − Eg)n/2, where α, h, υ, Eg,
and A are absorption coefficient, Planck constant, light

frequency, bandgap, and a constant, respectively [19, 20].

For direct band gap semiconductor BiVO4, n equals 1 [12].

The bandgap Eg can be estimated from a plot (αhν)2 versus
photon energy (hν): the intercept of the tangent to the

x-axis gives a good approximation of Eg [21]. Plots of

(αhν)2 versus photon energy (hν) of the samples are shown

in Fig. 4b. The estimated bandgap of as-prepared z-t

BiVO4 is 2.85 eV. With annealing of 200 and 300 °C, the

Fig. 4 a Reflectance diffusion spectra, and b plots of (αhν)2 vs

photon energy (hν), of the as-prepared and thermally annealed

samples
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bandgap of z-t BiVO4 redshifts to 2.83 and 2.75 eV,

respectively. With annealing above 350 °C, the z-t BiVO4

disappears, and s-m BiVO4 with bandgap of 2.40 eV is

obtained (Table 1). Also, the bandgap of s-m BiVO4 has a

redshift with increasing annealing temperature.

It is well known that the electronic structure of the

semiconductor usually plays a crucial role in its photocat-

alytic activity. The absorption spectra clearly demonstrate

that the electronic structures of BiVO4 nanoparticles are

gradually modified by the annealing treatment. In addition,

the absorption spectra show that with increasing annealing

temperature, the absorption contribution from s-m phase

has a quick increase, even at annealing temperature of 200

and 300 °C, very different with XRD and Raman results.

This indicates that for heterophase BiVO4, its electronic

structure is also modified by the interaction between z-t

BiVO4 and s-m BiVO4. This is consistent with the FESEM

and HRTEM images, which indicated that a tight interface

junction would be formed between z-t BiVO4 and s-m

BiVO4 in a nanosize level. The modification of electronic

structure of BiVO4 nanoparticles would be of great

importance for achieving high photocatalytic activity. A

study of the photocatalytic activity of the BiVO4

nanoparticles is currently underway and will be reported in

a later paper.

4 Conclusion

A series of different crystalline phases BiVO4 nanoparti-

cles (z-t, s-m, and z-t/s-m heterophase) have been prepared

by fast microwave assisted method and annealing treat-

ment. The XRD and Raman results showed that for the

heterophase, the ratio of z-t BiVO4 and s-m BiVO4 can be

well controlled. The electron microscopy and absorption

results indicated that a tight interface junction has been

formed in the heterophase BiVO4 nanoparticles. The for-

mation of tight interface junction in nanoscale can modify

the electronic structure of BiVO4 nanoparticles, which

would be crucial for achieving high photocatalytic activity.
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