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bstract

YVO4 photocatalysts with different grain sizes were obtained by annealing the YVO4 nanopowders synthesized via microwave irradiation.

he products were characterized by X-ray diffractometer (XRD), scanning electron microscope (SEM), transmission electron microscope (TEM),
urface area and porosity analyzer, and ultraviolet–visible (UV–vis) spectrophotometer. Photocatalytic measurements showed that the YVO4

anopowders with grain size of about 5 nm possess superior photocatalytic properties in decolorization of methyl orange solution.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Photocatalysis using solar energy and semiconductors is of
reat importance in solving energy and environment issues
1–3]. In the past decade, a great deal of efforts have been
evoted to developing novel oxide semiconductor photocatalysts
hat are applicable to environmental purification and water split-
ing to generate clean energy hydrogen by light energy conver-
ion [4–6]. Among them, the vanadate such as InVO4, BiVO4,

3V2O8 (M = Mg, Ni, Zn), etc., catches scientists’ attention,
ue to V 3d orbital electron that can be activated by visible light
7–14]. Zou et al. found that InVO4 with wolframite-type struc-
ure, monoclinic system has a much narrower bandgap than that
f the InNbO4 and InTaO4 compounds and discovered that it has
prospective photocatalytic production of H2 from water under
isible light irradiation [7,8].

Tetragonal phased YVO4 has been extensively used as the
ed phosphor with several rare-earth metal ions as dopant in
athode ray tubes (CRTs) and color television in powder form
15,16]. As an attractive host material, YVO4 can be excited
nder the UV light irradiation, and the phonon energy can trans-

er efficiently from the exited vanadate to the luminescent center,
are-earth metal ions [17]. Recently, some new synthetic meth-
ds including solution combustion process [18], hydrolyzed col-
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oid reaction (HCR) technique [19], microemulsion-mediated
ethod [20], hydrothermal processing [21], and wet chemical
ethod [22–24], etc. have been developed to synthesize YVO4

anopowders in view of its important application in optoelec-
ronic field. However, these methods need longer reaction time
nd more complicated processing. Our previous paper reported
hat size-controlled YVO4 nanopowders with grain size of about
–18 nm have been synthesized by a rapid microwave irradiation
oute [25]. The bandgap of YVO4 is about 3.5 eV, which is wider
han that of InVO4, though both of them two have V element
n their structure. As heterogeneous Y3+ ions are introduced,
he crystal structure is modulated consequently to tetragonal
ircon-type. Therefore, the electronic structure is also changed,
he bandgap is widened. In this work, photocatalytic decoloriza-
ion of the methyl orange solution using YVO4 with different
rain size obtained by annealing the 5 nm YVO4 nanopowders
t different temperature have been investigated.

. Experiments

YVO4 nanopowders with grain size of 5 nm were prepared
ia a rapid microwave irradiation route as described in Ref. [25].
or investigating the photocatalytic property of YVO4 powders

ith different grain size, the YVO4 nanopowders were annealed

t different temperature (200–700 ◦C) for 2 h.
The X-ray diffraction (XRD) analysis was performed

sing a Bruker D8 X-ray diffractometer (Cu K�1 radiation,
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Table 1
BET surface areas of the samples annealed at different temperature

Annealing temperature (◦C) BET surface area (m2/g)

0 92.3541
200 89.6588
400 81.7302
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= 1.5406 Å). Scanning electron microscopy (SEM) image of
amples was obtained with a Hitachi model S-3500N scanning
lectron microscope. Transmission electron microscopy (TEM)
mage was taken on a JEOL-JEM 2000 transmission electron

icroscope, using an accelerating voltage of 160 kV. The sur-
ace areas of the grains were determined by a Micromeritics
SAP 2020 surface area and porosity analyzer in the method of
runauer–Emmett–Teller (BET) nitrogen adsorption and des-
rption. Optical adsorption studies were carried out using a
V–vis–NIR spectrophotometer (Shimadzu UV-3101PC).
The photocatalytic property of the products was tested in

ur home-made instruments. At first, 0.2 g product was dis-
ersed into five beakers, which were filled with 100 ml 10 mg/l
ethyl orange solution separately. Prior to irradiation, the sus-

ensions were ultrasonically sonicated for 10 min and then
agnetically stirred in a dark condition for 30 min to estab-

ish adsorption/degradation equilibrium. The suspensions were
hen irradiated under the UV light. A 400 W high-pressure Hg
amp with a maximum emission at about 360 nm was used as
he light source. The concentrations of methyl orange solution
ere determined by measuring the absorbance at 464 nm with

he UV–vis spectroscopy.

. Results and discussion

Fig. 1 shows the XRD patterns of YVO4 nanopowders and
nnealed products at 200, 400, 500 and 700 ◦C, respectively.
he five patterns in Fig. 1 are found to be consistent with the

etragonal zircon-type structure of YVO4 (JCPDS card no. 17-
341). As anneal temperature increased, the diffraction peaks
f products become gradually narrow and sharp, and the phe-
omenon of peak merging relieves by degrees. It indicates that
he crystallinity of the as-annealed products increased, and the

rain size grew with increasing the annealing temperature. The
ean grain size can be roughly determined from the broaden-

ng of the peaks by using the Scherrer formula. By fitting the
ull width at half maximum (FWHM) of (2 0 0) peaks to this

ig. 1. XRD patterns of (a) YVO4 nanopowder synthesized by microwave irra-
iation and the products annealed at (b) 200 ◦C, (c) 400 ◦C, (d) 500 ◦C and (e)
00 ◦C.
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00 27.1527
00 5.1347

ormula, the mean size of YVO4 nanopowders and the products
btained at different annealing temperature (200, 400, 500 and
00 ◦C) is 5, 20, 50, 160 and 350 nm, respectively.

The surface areas of products are illustrated in Table 1.
he surface area of YVO4 nanopowders obtained directly via
icrowave irradiation is approximately 92 m2/g. With increas-

ng the annealing temperature, the surface area of the annealed
roducts reduces greatly from 89 at 200 ◦C to 5 m2/g at 700 ◦C.
t can be seen that the surface area reduces slowly when temper-
ture increasing from 200 to 400 ◦C, however, it sharply reduces
rom 82 to 27 m2/g at temperature above 500 ◦C.

Fig. 2 shows the Raman spectra of YVO4 nanopowders and
nnealed products at 200, 400, 500 and 700 ◦C, respectively. As
he annealing temperature increased, the peaks in Raman spectra
ecome narrow and sharp; moreover, the symmetry of the peaks
ncreases gradually. It indicates that the crystallinity increases,
he particle grows up, and the surface area decreases, after the
VO4 nanopowders were annealed at 200–700 ◦C. It is notable

hat the position and width of the Raman peaks annealed at
ifferent temperature varies clearly with annealing temperature
s well as grain size. As can be seen from Fig. 3, the width
f the peak decreases, and the position shows obviously blue
hift with increasing temperature. In a word, the Raman spectra
isplay usual anharmonic effects as the grain size decreases.
roadening, peak merging, and frequency shifting are observed,

hich are the typical character of nanosystem [26].
The morphology and grain size of the YVO4 powders were

haracterized by TEM and SEM. Fig. 4 shows the TEM image of

ig. 2. Raman spectra of (a) YVO4 nanopowder synthesized by microwave
rradiation and the products annealed at (b) 200 ◦C, (c) 400 ◦C, (d) 500 ◦C and
e) 700 ◦C.
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Fig. 5. UV–vis spectra of (a) YVO4 nanopowder synthesized by microwave
irradiation and the products annealed at (b) 200 ◦C, (c) 400 ◦C, (d) 500 ◦C and
(e) 700 ◦C.
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ig. 3. Variation of Raman shift and FWMH of products with different annealed
emperature.

he YVO4 nanopowders directly obtained via microwave irradi-
tion and SEM image of the product annealed 700 ◦C for 2 h. It
s clear that the mean grain size of spherical YVO4 powders pro-
uced directly by microwave irradiation and that of the product
nnealed at 700 ◦C is about 5 and 300 nm, respectively, which is
onsisted with the results calculated by Scherrer formula from
he XRD patterns. The ED pattern taken from several nanopar-
icles shows that the nanoparticles are YVO4 crystallites with
etragonal zircon-type structure. It provides the powerful and
irect evidence that the powders of annealing products grow
p greatly. The YVO4 products annealed at the other tempera-
ures have the similar characteristic, the images of which are not
hown here.

Fig. 5 shows the UV–vis spectra of YVO4 nanopowders and
nnealed products at 200, 400, 500 and 700 ◦C, respectively.
bviously, the absorbance edges of YVO4 products varied regu-

arly. With the increase of annealing temperature, products grain
ize increases, and the absorbance edge of products moves grad-
ally to long wavelength. In other words, when the grain size
ecreases, the blue shift occurs, which is the typical phenomenon

ainly resulted from quantum size effect of nano-system.
Fig. 6 shows the decolorization curves of methyl orange solu-

ions with the addition of YVO4 nanopowders with grain size of
nm under ultraviolet light. Curve e shows the decolorization

c
n
o
n

Fig. 4. TEM and SEM images of products (a) before and (b) after anneale
ig. 6. Depigmentation curves of methyl orange solutions with addition of
VO4 nanopowders with grain size of 5 nm under ultraviolet light at (a) 20 min,

b) 30 min, (c) 40 min, (d) 50 min and (e) without addition YVO4 at 50 min.
urve of absolute methyl orange solution without any YVO4
anopowders irritated under ultraviolet light for 50 min, while
ther curves denote methyl orange solution with 2 g/l YVO4
anopowders irritated under ultraviolet light for different time

d 700 ◦C. Insert shows ED pattern taken from several nanoparticles.
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ig. 7. Decomposition ratio of methyl orange solution with the role of (a) YVO4

anopowder synthesized by microwave irradiation and the products annealed at
b) 200 ◦C, (c) 400 ◦C, (d) 500 ◦C and (e) 700 ◦C under ultraviolet light.

a: 20 min, b: 30 min, c: 40 min, d: 50 min). It is clear that the
olutions with YVO4 nanopowders decolorized gradually and
ere almost decolored totally when the irritated time was up to
0 min. However, the solution without YVO4 was always orange
or 50 min. The solid powders were collected and characterized
y XRD after photocatalytic reaction. The XRD analysis showed
hat the crystal structure of the collected powders was identical
ith that of the original YVO4 nanopowders. It indicates that
VO4 nanopowders played the role of photocatalyst in the pro-

ess of decolorization of methyl orange solution.
Fig. 7 shows the decomposition ratio of methyl orange solu-

ion with the role of YVO4 products with different grain size
nder ultraviolet light for different time. The solutions decol-
rized gradually with enlonged irradiation time. After 50 min,
he decomposition ratio of methyl orange solution with 5 nm
VO4 nanopowders reached to 90%. Comparatively, the decom-
osition ratio is just about 70, 47, 18 and 13% for the samples
nnealed at 200, 400, 500 and 700 ◦C, respectively. It may be
esulted from the reduction of the surface areas of the samples
hich leads to the decrease of the active sites on the surface of
articles.

The preceding UV–vis spectra showed that the absorbance
dge of YVO4 products located in the range of 320–380 nm,
hich indicates that YVO4 can be excited by ultraviolet light,

nd generated the electron–hole pair. The mechanism for photo-
atalytic degradation of organic pollution on the solid catalysis
lways depicted as follows: a continuous band-gap irradiation of
queous semiconductor dispersion excites an electron from the
alence band to the conduction band, creating an electron–hole
air. The photogenerated holes are considered capable of directly
xidizing many organic compounds. However, the recombina-
ion of the electron–hole pairs will decrease the photocatalytic
ctivity. At first, in our experiments, when the grain size is as
mall as 5 nm, the photogenerated carrier diffuses quickly from

enter to the surface [27], resulting in the higher separation
fficiency photogenerated electron–hole pairs and the higher
hotocatalytic activity of particles. Secondly, the increasing of
pecific surface area leads to the increasing of adsorption ability

[

[
[
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o organics, and then heightens the photocatalytic degradation
bility to organics. Therefore, as the grain size of YVO4 parti-
les decreases, the specific surface area increases consequently,
nd then the photocatalytic degradation property of YVO4 is
mproved.

. Conclusions

In summary, the nanosized YVO4 with the grain size from 5
o 300 nm have been obtained by annealing the YVO4 nanopow-
ers synthesized via microwave irradiation. The blue shift phe-
omena depended on size the nanopowders were observed in
he UV–vis spectra of the as-synthesized YVO4 products. Pho-
ocatalytic measurements through the photo-decolorization of
ethyl orange solution showed YVO4 nanocrystals with grain

ize of about 5 nm possess well photocatalytic properties in water
urification and may find potential application in related fields.
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