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Abstract

The hollow microspheres containing monoclinic scheelite BiVO4 and anatase TiO2 nanocrystals were
easily prepared through a simple one-step template-free method. Bi(NO3)3·5H2O and NH4VO3 were used
as BiVO4 precursor and (NH4)2TiF6 as TiO2 precursor to produce the target products in the presence of
glucose under the high temperature pyrolysis. The products were characterized with SEM, XRD, TEM
and UV-vis DRS. The as-prepared hollow microspheres showed high photocatalytic activity, which was
demonstrated by degradation of acetic acid solution under visible-light irradiation (λ >420 nm).
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1 Introduction

TiO2 is a very important multifunctional material because of its peculiar and fascinating physic-
ochemical properties, and its wide variety of potential uses in diverse fields such as solar energy
conversion, environmental purification, water treatment and antibacterial materials [1-4]. How-
ever, the large band gap of pure TiO2 (Eg=3.0 eV for rutile, Eg=3.2 eV for anatase) limits its
application as the electron–hole pairs can only be formed by UV light at wavelength shorter than
387 nm [5, 6]. Thus, only a small portion of the solar spectrum can be utilized for photo-oxidation
reaction under the presence of TiO2. The development of a general method for endowing TiO2

with visible-light response and concomitantly increasing their UV-light activity should dramati-
cally expand their viability [7-9]. To this end, doping of various transition metals and anions has
been extensively studied [9-12]. Amongst different studies of oxides with activity under visible-
light irradiation, BiVO4 has received special attention [13]. BiVO4 crystallizes in three different
polymorphs, i.e. tetragonal zircon, monoclinic distorted scheelite and tetragonal scheelite. Due to
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its relatively narrow band gap (∼2.4 eV), the monoclinic form exhibits the higher photocatalytic
activity for chemical reactions induced with visible-light irradiation [14, 15].

On the other hand, there has been considerable interest in the synthesis of micrometer and
nanometer sized hollow spheres because of their widespread potential applications in catalysis,
drug delivery, chromatography separation, chemical reactors, controlled release of various sub-
stances, and protection of environmentally sensitive biological molecules [16, 17]. Several mi-
crometer and nanometer sized hollow spheres of transition metal oxides have been prepared due
to researchers’ unremitting effort using soft templating methods [18, 19] and mesoporous silica
as hard template [20, 21]. However, such methods have disadvantages. Soft templating methods
usually lead to the formation of mesoporous structure with amorphous walls, while the hard tem-
plating methods usually involve multistep processes and sometimes lead to the damage of pore
structures during the removal of hard templates [22-24].

Monodisperse nanocrystals display novel properties which stimulated intensive research on the
synthesis of monodisperse nanocrystals for their fundamental and technological importance [25,
26]. However, there are still problems with obtaining the mesoporous structure with monodis-
perse microspheres for the enhancement of the structural stability and photocatalytic property
of BiVO4 and TiO2. With this in mind, we proposed one-step hydrothermal and pyrolysis treat-
ment for the preparation of hierarchically nanoporous BiVO4/TiO2 hollow microspheres. One
of the advantages of this method is that the nanoporous BiVO4/TiO2 hollow microspheres can
be prepared without assistance of templates synthesized beforehand. High photocatalytic activ-
ity on the degradation of acetic acid is investigated for typical samples of BiVO4/TiO2 hollow
microspheres under visible light.

2 Experimental

2.1 Materials

All chemicals were analytically graded and used as the starting materials without further purifi-
cation. Glucose, Bi(NO3)3·5H2O, NH4VO3 and (NH4)2TiF6 were purchased from East of China
Chemical Regent Co.

2.2 Preparation of BiVO4/TiO2 Hollow Composite Microshperes

In a typical synthesis of colloidal carbon spheres, 4 g of glucose and 0.84 g of (NH4)2TiF6 were
dissolved in 35 mL of distilled water to form a clear solution. 0.5 g of Bi(NO3)3·5H2O and 0.7 g of
NH4VO3 were dissolved in dilute HNO3 and NaOH aqueous solution respectively. After stirring
for 0.5 h, the three solutions were mixed. The mixture was then sealed in a 100 mL Teflon-lined
stainless steel autoclave and maintained at 160 ℃ for 24 h. The products were washed by distilled
water and ethanol three times each and dried in air at 60 ℃ for 8 h. The final products were
obtained through a heat treatment at 400 ℃ in air for 4 h with a heating rate of 2 ℃ min−1.

2.3 Characterization

The samples were characterized by powder X-ray Diffraction (XRD) performed on a Rigaku-Dmax
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2500 diffractometer. Thermogravimetric Analysis and Differential Scanning Calorimetry (TGA-
DSC) data were recorded with a thermal analysis instrument (SDT 2960, TA Instruments, New
Castle, DE) at a heating rate of 10 ℃ min−1 in an air flow of 100 mL min−1. The morphology and
composition of the samples were inspected using a scanning electron microscope (SEM, JSM-5610)
and transmission electron microscopy (TEM, JSM-2100) equipped with an energy-dispersive X-
ray spectrum (EDX, Inca Energy-200) at an accelerating voltage of 200 kV. Diffuse Reflectance
Spectroscopy (DRS) spectra were obtained with a UV-vis spectrometer (BWS003). The bandgap
was calculated from the DRS of the samples.

2.4 Measurements of Photocatalytic Activity

Photocatalytic activity of the BiVO4/TiO2 hollow composite samples was evaluated by the degra-
dation of acetic acid to produce carbon dioxide at atmospheric pressure under visible-light irra-
diation. The amount of CO2 evolved resulted from the photocatalytic decomposition of acetic
acid was analysized by a gas chromatographic (GC, Hewlett-Packard 5890II). A 300 W xenon
lamp cooled with a water jacket was used as the irradiation source and placed 30 cm apart from
the reactor. 0.05 g of BiVO4/TiO2 hollow composite samples were added into 100 ml acetic acid
solution with a concentration of 0.9 M (Ccatalyst=0.5 mg/mL). The 420 nm cutoff filter was placed
under the reactor to completely remove all incoming wavelengths shorter than 420 nm to ensure
irradiation occurs only with visible-light. Prior to irradiation, the suspensions were stirred in the
dark for 1 h to reach an adsorption-desorption equilibrium between the pollutant and photocat-
alyst. Under irradiation, the suspensions were stirred continually and open to air. At irradiation
time intervals of 20 min, 5 ml of the suspensions were collected, and then centrifuged (6000 rpm,
6 min) to remove the photocatalyst particles. In order to compare the photocatalytic activities,
the equivalent weight of P-25 (pure TiO2) and solid microsphere sample was carried out under
same conditions for photolysis of acetic acid.

3 Results and Discussion

The formation of hierarchically nanoporous BiVO4/TiO2 hollow micro-spheres involves two steps
(Fig. 1 (A)). First, monodisperse BiVO4/TiO2/C composite microspheres are formed by hy-
drothermal method. Then, the microspheres with hollow structure are formed through aggre-
gation and condensation of fine subunits under carbon pyrolysis. As shown in Fig. 1 (B)-(a),
the XRD pattern of the hybrid microspheres before calcination treatment indicates that the
peaks are in good agreement with the JCPDS (Joint Committee on Powder Diffraction Stan-
dards) No. 14-0133 for tetragonal BiVO4 and No. 21-1272 for anatase phase of TiO2. However,
the signals of monoclinic BiVO4 increased after high-temperature treatment, which indicates the
tetragonal BiVO4 has transformed to a monoclinic structure (Fig. 1 (B)-(b)). This indicates that
BiVO4/TiO2 composites were successfully prepared.

The structure and morphology of BiVO4/TiO2/C composites were characterized by their cor-
responding SEM and TEM images. As shown in Fig. 2 (A), the majority of highly uniformed
microspheres with diameters ranging from 400 to 600 nm can be found. Moreover, the formation
of spherical structure is strongly depended on the molar ration of precursor. The TEM images
(Fig.2 (C)) show that the surface of the as-prepared samples is relatively smooth. The EDS
analysis spectrum (Fig. 2 (D)) reveal that the as-prepared samples comprised of all the elements
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C, O, Bi, V and Ti from the precursor materials.

A high-temperature treatment of BiVO4/TiO2 solid microspheres was applied to obtain
BiVO4/TiO2 with a hollow structure. The successful preparation of hollow BiVO4/TiO2 mi-
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Fig. 1: Schematic illustration of the formation process of hierarchically nanoporous BiVO4/TiO2 hollow
microspheres (A) and XRD patterns of hybrid microspheres before (a) and after (b) calcination treatment
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Fig. 2: SEM ((A) and (B)), TEM (C) images and EDX analysis spectrum (D) of as-prepared
BiVO4/TiO2 hybrid microspheres
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crospheres was confirmed by their corresponding TEM images. The hollow spheres with diameter
around 0.5 µm was still preserved after calcinations at 400 ℃ for 2 h, which can be found from
Fig. 3 (A) compared to the SEM images (Fig. 2 (B)). It is clearly seen that the as-prepared
samples are hollow and the shell was formed from the aggregation of nanoparticles ranging 20 to
40 nm in thickness. The possible formation process of hollow microspheres interiors can be well
explained by the Ostwald ripening process. Usually, the time needed for structural evolution from
solid to hollow structure by Ostwald ripening process is longer than 24 h [27, 28]. In the present
work, we have obtained the hollow microspheres in a very short reaction time with calcination
treatment. TGA curves reveal that these hollow microspheres show a high thermal stability. As
shown in Fig. 3 (C)-(a), the solid microsphere shows a cumulative weight loss of about 5 wt% up
to 100 ℃ caused by the loss of moisture, and a weight loss of about 20 wt% from 300 to 500
℃ was associated with the carbon pyrolysis. Compared with these solid microspheres, the hollow
microspheres only shows a weight loss 5 wt% from 100 to 500 ℃, as shown in Fig. 3 (C)-(b),
which indicates the carbon yielding for CO, CO2 and steam after calcination treatment. The
EDS analysis of as-prepared sample composed of the elements O, Bi, V and Ti (Fig. 3 (D)). The
element of carbon disappeared, which is in alignment with the TGA results.

Diffuse Reflectance Spectroscopy (DRS) is a useful tool for characterizing the electronic states
in semiconductor materials. Fig. 4 (A) shows the UV/Vis diffuse reflectance spectrum of hollow
microsphere sample which showed absorption bands in the visible-light region. The absorption
onset edge was estimated to be at approximately 550 nm, corresponding to a band-gap of 2.25 eV
(Fig. 4 (B)), which is the characteristic absorption of monoclinic scheelite BiVO4 [29, 30]. This
result obviously reveals the band-gap of the hollow microsphere sample is narrower than that of
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Fig. 3: TEM ((A) and (B)) images of BiVO4/TiO2 hollow microspheres, TGA curves of hybrid micro-
spheres before (a) and after (b) calcination treatment (C) and EDX analysis spectrum (D) of as-prepared
BiVO4/TiO2 hollow microspheres
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Fig. 4: Diffuse reflectance spectrum (A) and band-gap energy (B) of hollow microsphere sample

the pure TiO2, which indicates that the hollow microspheres have a potential response to visible
light.

Photocatalytic activity of the as-prepared BiVO4/TiO2 hollow microspheres was evaluated by
the degradation of acetic acid to produce CO2 at atmospheric pressure. As shown in Fig. 5 (A),
the amount of CO2 evolution increases linearly with irradiation time for the three samples under
the UV irradiation. However, the BiVO4/TiO2 hollow microspheres exhibit superior photocat-
alytic activity, which is higher than BiVO4/TiO2 solid microspheres than P-25 due to its higher
specific surface area and nanoporous properties which enables BiVO4/TiO2 hollow microspheres
to have more accessible active sites for photocatalytic reaction [31]. And the irradiation light
is extended into the visible light region (λ >420 nm), the rate of the CO2 production shows a
very great variation for BiVO4/TiO2 solid microsphere sample, as shown in Fig. 5 (B). Both P-25
and BiVO4/TiO2 solid microsphere show similar photocatalytic activity. However, BiVO4/TiO2

hollow microsphere is still more efficient for degradation of acetic acid most likely because acetic
acid is anchored to the Bi3+ sites through a weak Bi-O bond so that they can efficiently receive
the photo-generated electrons from the V 3d-block bands of BiVO4 [32]. The local environment
around the Bi3+ ion is more strongly asymmetric in the monoclinic phase than in the tetragonal
phase, so that the Bi3+ ion has a stronger lone pair character in the monoclinic phase and hence
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Fig. 5: Photocatalytic acetic acid irradiated by Xe lamp (300 W) (A) and (B) equipped with optical
cutoff filter (λ >420 nm)
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has a stronger tendency to form a Bi-O bond with acetic acid. It will lead to a more efficient
transfer of photo-generated electrons from the V 3d-block bands to the anchored acetic acid in
the case of BiVO4/TiO2 hollow microsphere.

Using two semiconductors with different levels of redox energy of their corresponding conduction
and valence band, and having them come in contact can actually be considered as one of the most
promising methods for improving charge separations, increasing the lifetime of charge carriers,
and enhancing the efficiency of the interfacial charge transfer to adsorbed substrate [16]. As the
previous reported, the conduction band of BiVO4 was more cathodic than that of TiO2 [33].
In general, the difference in conduction bands between two semiconductors is the driving forces
of electron injection. In the system of BiVO4/TiO2, the BiVO4 can be excited and the excited
electrons generate the conduction band of BiVO4 which is quickly transferred to a TiO2 particle
under visible-light irradiation, since the conduction band of BiVO4 is more negative than that
of TiO2 as show in Fig. 6. The anatase TiO2 is coupled by interparticle electron transfer from
irradiated BiVO4 nanocrystals to its conduction band. The electrons are then scavenged by
molecular oxygen O2 to yield the superoxide radical anion O−

2 . Thus forming intermediates that
can interreact to produce hydroxyl radical OH. In addition, the holes remaining in the BiVO4

valence band after migration of excited electrons can also react with the hydroxyl groups (OH−) to
form OH. It is well known that the OH radical is a powerful oxidizing agent capable of degrading
most pollutants. The transfer of charge should therefore enhance the photo-oxidation of the
adsorbed organic molecules.

O2

O2

TiO2
3.2 eV

VB

·OH

VB

2.4 eV
BiVO4

CB

hv

Visible light irradiation

CB

OH

Fig. 6: Redox process of the valence and conduction bands of BiVO4/TiO2 hollow microsphere samples
under visible-light irradiation

4 Conclusion

In summary, a simple one-step template-free method was applied to prepare BiVO4/TiO2 solid
microspheres. Furthermore, the hollow microspheres can be obtained by pyrolysis of solid micro-
spheres under high temperature. One of the advantages of this method is that the nanoporous
BiVO4/TiO2 hollow microspheres can be prepared without assistance of templates. The as-
prepared hollow microspheres exhibit hierarchically nanoporous structures and a high photocat-
alytic activity in the degradation of acetic acid under visible light. The hierarchically BiVO4/TiO2

hollow microspheres should find various potential applications in photocatalysis, catalysis, solar
cells, and separation and purification processes.
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