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Nanosized BiVO4 with high visible-light-induced photocatalytic activity was successfully synthesized via
ultrasonic-assisted method with polyethylene glycol (PEG). The BiVO4 sample prepared under ultrasonic
irradiation with 1 g PEG for 30 min was consisted of small nanoparticles with the size of ca. 60 nm. The
effects of ultrasonic irradiation and surfactant were investigated. The nanosized BiVO4 exhibited excellent
visible-light-driven photocatalytic efficiency for degrading organic dye, which was increased to nearly 12
times than that of the products prepared by traditional solid-state reaction. Besides decoloring, the reduc-

11512/1 Vggir;t: tion of chemical oxygen demand (COD) concentration was also observed in the degradation of organic
BiVO, dye, further demonstrating the photocatalytic performance of BiVOj,. After five recycles, the catalyst did
Ultrasonic not exhibit any significant loss of photocatalytic activity, confirming the photocatalyst is essentially sta-

PEG ble. Close investigation revealed that the crystal size, BET surface area, and appropriate band gap of the

Visible-light photocatalysis

as-prepared BiVO,4 could improve the photocatalytic activities.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Visible-light-driven photocatalytic technology can help to alle-
viate the problems of modern societies by splitting water for
hydrogen production as green energy and degrading toxic pol-
lutants [1-4]. Photocatalysts such as TiO, has been intensively
investigated [5-8]. But it can only be excited by ultraviolet
radiation that occupies about 4% of the solar light. Visible-
light-driven photocatalysts have received considerable attentions
because visible-light (400nm<A<800nm) occupies the main
part of the solar spectrum. Therefore, the development of effi-
cient visible-light-driven photocatalysts is becoming attractive
and a great deal of effort has been devoted into this research
[9].

Bismuth vanadate (BiVO4) has been recognized as a visible-
light-driven photocatalyst for water splitting and pollutant
decomposing under visible-light irradiation [ 10-18]. Various meth-
ods have been used to synthesize BiVO,4 crystallites, such as aqueous
process [10,19-22], hydrothermal process [23-25], organic decom-
position method [26], chemical bath deposition [27], solution
combustion synthesis method [28], flame spray pyrolysis [29], and
solid-state reaction (SSR) method [30]. Recently, our group has
reported a sonochemical route to synthesize BiVO4 photocatalyst
withrelative high photocatalytic activity [31]. Currently, sonochem-
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ical processing is found to be facile and efficient for the preparation
of various nanostructures at room temperature and atmosphere
pressure [32-34].

It is well known that the photocatalytic activity closely relates
with the diameter size and surface area etc. of the photocatalyst
[35,36]. Thus, the synthesis of nanosized BiVO4 photocatalysts with
high surface area is a subject of considerable research interest to
improve photocatalytic efficiency. Very recently, the ordered meso-
porous monoclinic scheelite BiVO,4 was fabricated by nanocasting,
using mesoporous silica KIT-6 as the replica parent template [37].
Compared to conventional BiVO,4, the product exhibited good
photocatalytic performance in the photochemical degradation of
methylene blue under visible-light irradiation. It was also con-
firmed that the nanosized photocatalyst could assuredly improve
the photocatalytic activity.

Herein, the nanosized BiVO4 with high visible-light-induced
photocatalytic activity was prepared via the ultrasonic-assisted
method with polyethylene glycol (PEG) as the surfactant. It was
found that ultrasonic irradiation and protective effect of PEG played
an important role in the formation of the photocatalyst and the final
photocatalytic performance. The photodegradation of Rhodamine
B (RhB) was employed to evaluate the photocatalytic activities of
BiVO4 under visible-light (A >420nm) illumination. Reduction of
chemical oxygen demand (COD) concentration was observed in
the degradation of RhB, further confirming the photocatalytic per-
formance of BiVOy. It is demonstrated that the nanosized BiVO4
exhibits relatively high performance in the visible-light-driven
photocatalysis.
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2. Experimental
2.1. Synthesis

All the reagents used in our experiments were of analytical
purity and were used as received from Shanghai Chemical Com-
pany. In a typical preparation, aqueous solutions of Bi(NO3)3-5H,0
and NH4VOs3 in 1:1 molar ratio were mixed together. Subsequently,
polyethylene glycol 20000, as surfactant, was added into the above
solution. The pH value of the final suspension was adjusted to about
7 by NH3-H, 0. Then the mixture was stirred for 1h at room tem-
perature. Afterward, the mixture was exposed to high-intensity
ultrasonic irradiation (6 mm diameter Ti-horn, 600 W, 20 kHz) at
room temperature in ambient air. The yellow precipitates were cen-
trifuged, washed with de-ionized water and absolute ethanol, and
then dried at 60 °C in air for 10 h. The obtained powders were then
calcined at 450°C for 2 h to produce crystalline products. All PEG
series samples were ultrasonicirradiated with 0-2 g PEG for 30 min,
while all ultrasonic irradiation series samples were prepared with
1 g PEG for different minutes.

For comparison, the sample which was ultrasonic irradiated for
30 min without PEG (P1), the sample prepared with 1g PEG but
no ultrasonic irradiation (U1), and the sample without PEG and
ultrasonic pretreatment (BVO) were also prepared while other steps
were the same as above. Bulk BiVO4 was synthesized via traditional
solid-state reaction according to Ref. [30], named as SSR-BVO.

2.2. Characterization

The X-ray diffraction (XRD) patterns of the samples were
measured on a D/MAX 2250V diffractometer (Rigaku, Japan)
using monochromatized Cu Ko (A=0.15418 nm) radiation under
40kV and 100 mA and scanning over the range of 10° <26 <70°.
The crystal size was estimated from the Scherrer equation,
D =KA/FWHMcos6, where D is the crystal size, A is the wavelength
of the X-ray radiation and K usually is taken as 0.9, FWHM is the full
width at half maximum in radian of the sample, and 26 = 28.6°. The
morphologies and microstructures of as-prepared samples were
analyzed by the scanning electron microscope (SEM) (JEOL JSM-
6700F). UV-vis diffuse reflectance spectra of the samples were
obtained on an UV-vis spectrophotometer (Hitachi U-3010) using
BaSO4 as the reference. Nitrogen adsorption—-desorption measure-
ments were conducted at 77.35K on a Micromeritics Tristar 3000
analyzer after the samples were degassed at 200°C for 6h. The
Brunauer-Emmett-Teller (BET) surface area was estimated using
adsorption data. The photoluminescence (PL) spectra of the samples
were recorded with a PerkinElmer LS55.

2.3. Photocatalytic test

Photocatalytic activities of the samples were evaluated by the
photocatalytic decolorization of Rhodamine B under visible-light.
A 500 W Xe lamp was used as the light source with a 420 nm cut-
off filter to provide visible-light irradiation. In every experiment,
0.1g of the photocatalyst was added into 100 mL RhB solution
(103-10~* mol/L). Before illumination, the suspensions were mag-
netically stirred in the dark for 1 h to ensure the establishment of an
adsorption-desorption equilibrium between the photocatalyst and
RhB. Then the suspension was exposed to visible-light irradiation
under magnetic stirring. At given time intervals, 3 mL suspension
was sampled and centrifuged to remove the photocatalyst parti-
cles. Then, the UV-vis adsorption spectrum of the centrifugated
solution was recorded using a Hitachi U-3010 UV-vis spectropho-
tometer. Chemical oxygen demand was estimated before and after
the treatment using the K,Cr,07 oxidation method.
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Fig. 1. XRD patterns of the calcined and uncalcined BiVO4 samples: (a) uncalcined
BiVOy; (b) calcined BiVOy.

Table 1
Size, band gap, BET surface area and degradation rate of BiVO4 samples.

Average size (nm) BET (m?/g) Band gap (eV) Degradation rate (%)
BVO 183 7.25 2.28 28
U1 645 9.09 224 42
P1 65 10.05 2.18 65
BVO-P-U 51 12.03 2.13 100

3. Results and discussion
3.1. Crystal structure

The phase and composition of the calcined sample, as well as
the uncalcined sample were characterized by XRD, as shown in
Fig. 1. The pattern of Fig. 1a indicates that the uncalcined BiVO,
obtained after ultrasonic irradiation for 30 min with 1g PEG is
poorly crystallized. However, the calcination favors the formation
of well-crystallized BiVO,4 comparatively, and the diffraction peaks
of this sample (named as BVO-P-U) agree well with those of the
pure monoclinic BiVO4 according to the JCPDS No. 14-0688, as
revealed in Fig. 1b. The cell constants calculated by the least squares
refinement method are as follows: (a) 5.192 A, (b) 11.701 A, and (c)
5.091 A, which are in agreement with the reported values (JCPDS
No. 14-0688) [20,37]. The average crystallite size calculated from
the strongest diffraction peak using the Scherrer equation is about
51 nm [37,38]. The average size of the other samples which were
also calculated from the XRD (not given) were shown in Table 1.

3.2. Morphology and microstructure

The morphology and microstructure of the BiVO4 samples were
revealed by scanning electron microscopy (SEM). Fig. 2A is the SEM
image of the BVO-P-U sample, showing that it is composed of well-
separated nanoparticles with an average size of about 60 nm. The
crystalline size is in good agreement with the value evaluated using
Scherrer equation based on XRD patterns. To investigate the effect
of ultrasonic irradiation and PEG on the morphology of BiVO4 prod-
ucts, the SEM of P1, U1, and BVO samples were also shown in Fig. 2B,
C, and D, respectively. As shown in Fig. 2B, most of the P1 particles
which was ultrasonic irradiated for 30 min without PEG connected
with each other and fusion was induced in the absence of PEG while
the BVO-P-U were well dispersed. The morphology of U1 sample
which was prepared with 1 g PEG but no ultrasonic irradiation was
shown in Fig. 2C. The U1 sample is composed of rod-like particles
with the average size of about 1000 nm. The morphology of the BVO
sample without ultrasonic irradiation and PEG was revealed to be



340 M. Shang et al. / Journal of Hazardous Materials 172 (2009) 338-344

100KV X100,000 100nm WD 60mm

100kV X60,000 100nm WD 8.0mm

WD 6.0mm

Fig. 2. SEM images of BiVO4 samples: (A) the morphology of the BVO-P-U; (B) the morphology of P1; (C) the morphology of U1; (D) the morphology of BVO.

particles with the size ranging from 100 to 300 nm, as shown in
Fig. 2D.

3.3. The effect of ultrasonic irradiation and surfactant

From the investigation of SEM, it is clearly that PEG and ultra-
sonic irradiation play a decisive part in controlling the size and
morphology of BiVO4 particles. In most cases, the surface pas-
sivation reagents, including surfactant molecules and polymers,
are needed to prevent the nanoparticles from aggregation. The
surface modification of these colloidal nanoparticles is very impor-
tant to facilitate their application in biotechnology, catalysis, and
nanocomposite [39]. Here, the use of high-molecular-weight PEG-
20000 aids in the formation of nanosized and well-separated BiVO,
particles with an approximate size of 60 nm. PEG is a kind of non-
ionic surfactant which is obtained by the polyesterification reaction
between ethylene alcohol and epoxy ethane, and has the following
structure that is characterized by hydroxyl groups at either end of
the molecule:

HO-(CH,CH,0),CH,CH;,-0H

where n is the polymerization number. It is a linear or branched,
neutral polyether available in a variety of molecular weights and is
soluble in water and most organic solvents. In which oxygen atoms
is hydrophilic and the group of -CH,-CH,- is hydrophobic. The
ether oxygen on the fundamental chain is prone to adsorb positive
ions and can interact with metal ions [40] in the solution to form
chain-like coordination complexes. The possible reactions could be
proposed as follows:

Bi(NO3); — Bi** +3N0O3™~ ()
NH4VO3 — NH* 4 VO3~ (b)
Bi3* +VO3~ +H,0 — BiVO4+2H* (c)
Bi2* + VO3~ PESPEG — Bi3*.. VO3~ (d)
PEG — Bi*"...VO3~ + H,0- 2> BiVO, + PEG + 2H* (e)

The possible formation of the as-prepared BiVO4 samples and
the effect of PEG and ultrasound were depicted in Scheme 1. As
shown in Eq. (a), Bi®* will produce when Bi(NO3 )3 dissolve in acid
solution. And VO3~ will produce when NH4VO3 dissolve in water
(Eq. (b)). When these two solutions are mixed, a yellow precipitate
of amorphous BiVO4 will produce immediately (Eq. (c)). Because
this precipitation process carries out naturally, during the calcina-
tion the intrinsic nucleation and anisotropic growth of the BiVOy, is
dominant in determining the microstructure of the product, thus
big particles will be obtained (Scheme 1, BVO). However, when
PEG was added in the solution, Bi3* can coordinate with PEG (Eq.
(d)), which results in the decrease of Bi3* concentration. There-
fore, after VO3~ solution was added, the reaction between Bi3*
and VO3~ is partly inhibited, which may result in an intermedi-
ate species in definite growth time but no yellow precipitate BiVO4
produced immediately. Moreover, due to the chain-like coordina-
tion complexes, the BiVO4 may aggregate and crystallize into big
rod-like particles during the calcination (Scheme 1, U1). On the
other hand, besides the morphology was tuned due to the coordi-
nation effect of PEG, the protective effect is another function during

%
i BVO-P-U

<y 8F
- ; g; 450°C
..: Sy - ; —
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Scheme 1. The formation mechanism of the as-prepared samples.
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the ultrasonic irradiation. The sonochemical techniques have been
recently developed for the fast synthesis of nanosized functional
inorganic materials. It is expected that sonochemical approach may
create inorganic materials with smaller crystal size and higher
surface area. When a suitable precursor is irradiated with high-
intensity ultrasound, acoustic cavitations (the formation, growth,
and implosive collapse of the bubbles) can provide very high tem-
peratures (>5000K), high pressures (>20 MPa), and cooling rates in
excess of 109 K/s [41]. Under the ultrasonic irradiation, the com-
plex will gradually decompose to release Bi3* slowly, followed by
the reaction with VO3, as shown in Eq. (e). The amorphous BiVO,
sediment was generated under this circumstance. Moreover, PEG
may adsorb on the surface of amorphous BiVO4 and act as the tem-
plate and the protective agent so as to favor the formation of smaller
granular grains during ultrasonic irradiation. As a result, after cal-
cination the nanosized and well-separated BiVO4 was obtained
(Scheme 1, BVO-P-U) [42]. In the absence of PEG, the amorphous
BiVO4 with big sizes may become smaller under the condition of
ultrasound, but most of the particles may connect with each other
and fusion was induced due to the lack of PEG protective effect
(Scheme 1, P1).

The electronic structure of BiVO4 has been reported based on the
DFT calculations [43]. It has been reported that the valence band of
the BiVO, is formed by the hybrid orbitals of Bi 6s and O 2p and the
conduction band of V 3d, so the band gap becomes narrower and the
considerable absorption extends up to the visible region. This spe-
cial electronic structure makes the valence band largely dispersed,
and facilitates the mobility of photo-excited holes to the surface
of the crystal and thus is beneficial to photocatalytic oxidation of
organic pollutants.

3.4. UV-vis diffuse reflectance spectra and band gap

The optical absorption property of a semiconductor, which is
relevant to the electronic structure feature, is recognized as the key
factor in determining its photocatalytic activity [44]. The optical
properties of the BiVO4 samples were measured using UV-vis spec-
troscopy. Fig. 3 shows the diffuse reflectance spectra of the BiVO,
samples (a: BVO; b: U1; c: P1; d: BVO-P-U). The samples showed
strong absorption in visible-light region in addition to that in the
UV light region, which implying the possibility of photocatalytic
activity over these materials under visible-light irradiation. Based
on the equation ahv=A(hv — Eg)"/? [45], the band gaps of the sam-
ples were estimated to be 2.28, 2.24,2.18,and 2.13 eV from the onset
of the absorption edges, corresponding to the BVO, U1, P1, BVO-P-U
sample, respectively, as shown in Table 1. Such differences may be
attributed to the changes of crystallite phase and the size of coupled
oxides, defects, and so on [31,46,47]. With the presence of ultrasonic
irradiation and PEG, the samples show a stronger absorption in the
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Fig. 3. The UV-vis diffuse reflectance spectra of the BiVO4 samples: (a) BVO; (b) U1;
(c) P1; (d) BVO-P-U. The inset shows the relationship between (ahv)? and photon
energy.

visible range and shift in the band gap transition. The shift may be
ascribed to the size effect and crystal defects.

3.5. Photocatalytic activities

The photocatalytic activities of BiVO4 were evaluated by the
degradation of RhB dye in water under visible-light irradiation
(A>420nm) using a 500 W Xe lamp. The temporal UV-vis spectral
changes of RhB aqueous solution during the photocatalytic degra-
dation reactions are showed in Fig. 4A. As seen in Fig. 4A, when
the RhB solution was irradiated with visible-light (A >420nm) in
the presence of BVO-P-U sample, about 95% of RhB was degraded
after being irradiated for 30 min and the spectral maximum shifted
from 552 to 500 nm. The color of the suspension changed gradu-
ally from pink to light green. Further irradiation to 40 min caused
the decrease of the absorption band at 500nm, and the color
of the suspension changed sequentially colorless. Fig. 4B showed
the efficiencies of the photocatalytic degradation under visible-
light irradiation, C was the absorption of RhB at the wavelength
of 552nm and Cy was the absorption after the adsorption equi-
librium on BiVO4 samples before irradiation. Blank test (RhB
without any catalyst) under visible-light exhibited little photolysis.
The photodegradation efficiency was only 4% after 40 min, which
demonstrates that the degradation of RhB is extremely slow with-
out a photocatalyst under visible-light illumination. The decrease
of RhB with the nanosized BiVOy, in the dark condition for 40 min
was similar to that of the blank test, which demonstrated that
the absorption of RhB on the as-prepared BiVO4 was limited after
the adsorption-desorption equilibrium reached. With the BVO-P-
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Fig. 4. Photocatalytic degradation of RhB using BiVO4 samples: (A) the changes of temporal UV-vis spectral of RhB aqueous solution; (B) comparison of BVO-P-U, P1, U1, BVO,

SSR-BVO, and blank tests.
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U sample which was ultrasonic irradiated with 1 g PEG for 30 min,
the photodegradation efficiency of RhB reaches nearly 100% after
40 min irradiation only. However, the photocatalytic activities of P1,
U1, and BVO sample were only 65%, 42%, and 28% after irradiating
for 40 min, respectively, as shown in Table 1. The experiments also
showed that the photocatalytic activity of the BVO-P-U sample was
much higher than that of the SSR-BVO sample (12 times), which
demonstrated that the surfactant and ultrasonic irradiation played
a key role in enhancing photocatalytic activity of BiVOg4.

In order to measure the pollution strength of the dye, chemical
oxygen demand of the dye solutions was assessed before and after
its removal during photocatalytic degradation. The chemical oxy-
gendemand test is widely used as an effective technique to measure
the organic strength of wastewater. The test allows the measure-
ment of waste in terms of the total quantity of oxygen required
for the oxidation of organic matter to CO, and water [48]. If the
dye was not degraded completely, the residual organic molecules
could be oxidized by K,Cr,07, thus the oxygen demanded could
be more. In other words, the COD value of the cracked dye would
be higher than that of the completely mineralized dye. As the
reduction of COD reflects the extent of degradation or mineral-
ization of an organic species along with the decolorization, the
percentage change of COD in the photodegradation of RhB with
high concentration (10~% M) was studied as a function of longer
irradiation time (3.5h) of visible-light so as to demonstrate the
ability of photodegradation clearly of the BVO-P-U photocatalyst,
as shown in Fig. 5. A significant decrease in the COD values of the
Rhodamine B solution was observed. The initial COD concentration
of the RhB solution (10-4 mol/L) is 248.6 mg/L, and the T% (mea-
sured at 500 nm) is 1.2%. After visible-light irradiation for 3.5 h, the
COD concentration decreased to 67.76 mg/L, and the T% at 500 nm
reached 95%. The reduction of COD (72.7%) and the increase of the

1.0 (A)

——P2
——BVO-P-U
0.04 ——P3

0 10 20 30 40
Time/min

*

T 250 m__

= L 80

£

= 200

5 S [ 160

8

B

£ 150 e L40

@

Q

5

o 100 x L20

o */*/

o —> —n
so x>~ 0

0.0 05 10 15 20 25 30 3.5

Time/h

Fig. 5. Variation of COD and transmittance of RhB (10~* M) aqueous solutions with
irradiation time (catalyst, 0.1 g). Inset: UV-vis spectral changes of the RhB (104 M)
aqueous solution as a function of irradiation time.

T% further confirm that RhB was truly photodegraded by nanosized
BiVO,.

To study the influence of surfactant and ultrasonic irradiation
on the photocatalytic activity, the degradation of RhB by using
PEG series of BiVO4 samples (P1: 0g; P2: 0.5g; BVO-P-U: 1g; P3:
2 g) and ultrasonic irradiation series of BiVO4 samples (U1: 0 min;
U2: 10 min; BVO-P-U: 30 min; U3: 60 min) were shown in Fig. 6A
and B. P1 sample exhibited worst photocatalytic activity without
PEG. With the increasing concentration of PEG, the photocatalytic
activities of the BiVO4 samples enhanced. The PEG suppresses
the agglomeration of the BiVO,4 particles and induces the forma-
tion of nanosized particles. However, with the increase of PEG
concentration further, the function of protective effect under the
ultrasonication faded out. On the other hand, the result of aggre-
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Fig. 6. (A) The photocatalytic degradation of RhB using PEG series for ultrasonic irradiating 30 min; (B) the photocatalytic degradation of RhB using ultrasonic irradiation

series with 1 g PEG.
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Fig. 7. The SEM images of P3 sample (A) and U3 sample (B).
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Fig. 8. Cycling runs in the photocatalytic degradation of RhB in the presence of
nanosized BiVO4 under visible-light.

gation which may enlarge the particle size was produced. The SEM
image demonstrated that the particles (about 100 nm) connected
with each other and agglomeration was induced due to the excess
of PEG (Fig. 7A). Therefore, the photocatalytic activity of sample
decreased when more PEG was added (Fig. 6A). As shown in Fig. 6B,
the photodegradation efficiency was enhanced with the increasing
time of ultrasonic irradiation. Whereas, the photocatalytic activ-
ity was decreased sharply when the time was 1h, which may be
resulted from the particle growth promoted by ultrasonic irradia-
tion energy (Fig. 7B). Additionally, the crystal defects which work
as recombination sites of photogenerated electrons and hole may
be formed at the instantly high temperature during ultrasonic irra-
diation [10]. Both of the increased size and crystal defects could
decrease the photocatalytic activity.

To confirm the stability of the high photocatalytic performance
of the nanosized BiVQy, the circulating runs in the photocatalytic
degradation of RhB in the presence of BiVO4 under visible-light
(A>420nm) were checked (Fig. 8). After five recycles for the pho-
todegradation of RhB, the catalyst did not exhibit any significant loss
of activity. It indicates that the nanosized BiVO,4 has high stability
and does not photocorrode during the photocatalytic oxidation of
the model pollutant molecules, which is especially important for
its application.

The enhanced photocatalytic activity of nanosized BiVO, is
due to its physicochemical properties such as crystal size, BET
surface area, and appropriate band gap. The photocatalytic behav-
ior is closely related to the efficiency of the photogenerated
electron-hole separation. For randomly generated charge carri-
ers the average diffusion time from the bulk to the surface is
given by T=r2/n2D, where r is the grain radius and D is the dif-
fusion coefficient of the carrier [49]. If the grain radius decreases,
it will reduce the recombination opportunities of the photogen-
erated electron-hole pairs which could diffuse effectively to the
surface to generate oxidative species. PL emission spectra are useful
in determining the efficiency of charge carrier trapping, migration
and transfer, and helpful in understanding the fate of electron-hole
pairs in semiconductor particles, since it mainly results from the
recombination of excited electrons and holes. A low PL intensity
implies a low recombination rate of the electron-hole under light
irradiation [50]. Fig. 9 shows the comparison of PL spectra of SSR-
BVO sample and BVO-P-U sample when the excitation wavelength
was 375nm. It was found that the PL emission spectra of two
photocatalysts showed the main peaks at similar positions but
with different intensities. The PL intensity of BVO-P-U sample is
lower than that of SSR-BVO sample, which clearly indicates that
the recombination of the hole formed in the O 2p band and the
electron in the V 3d band is greatly inhibited [12]. The size of the
BVO-P-U sample is only 60 nm, which could be beneficial for pro-
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Fig.9. The room temperature photoluminescence (PL) spectrum of SSR-BVO (a), and
BVO-P-U (b) (Agx =375nm).

moting the efficiency of the electron-hole separation, transferring
to the surface, and acting with the organic molecules. Meanwhile,
the Brunauer-Emmett-Teller has been used to characterize the
surface area since the photocatalytic activities are related to the
surface area of photocatalysts, as shown in Table 1. The BET sur-
face area of BVO-P-U sample was estimated to be ca. 12.03 m?/g,
which was much higher than of the reference SSR-BiVO4 sample
of ca. 0.26 m2/g. A large surface area not only supplies more active
sites for the degradation reaction of organic compounds but also
effectively promotes the separation efficiency of the electron-hole
pairs, resulting in a higher activity of the photocatalytic reaction
[37]. Moreover, the band gap of BiVO4 may also contribute to its
photocatalytic activity. The optical absorption property of a semi-
conductor, which is relevant to the electronic structure feature, is
recognized as the key factor in determining its photocatalytic activ-
ity. As a direct electron transition semiconductor, the monoclinic
BiVOy4 crystal is excited by the incident photons with energy equal
to or greater than their band energy level. The electrons receive
energy from the photons and are thus promoted from the valence
band to the conduction band, if the energy gained is higher than the
band gap energy level. Electrons and holes that migrate to the sur-
face of the semiconductor without recombination can respectively
reduce or oxidize the reactants adsorbed by the semiconductor.
All these BiVO4 samples have suitable band gap (Fig. 3) which
can be excited by visible-light for photocatalytic decomposition of
organic contaminants. With the increase of the photoabsorption,
more photogenerated electron-hole pairs could be produced under
visible-light thus the photocatalytic activities were enhanced. The
BVO-P-U sample exhibited the highest photocatalytic activity than
other samples due to its smallest particle size and suitable band
gap. Additionally, the catalyst U1 with relatively bigger particle
size exhibited higher photocatalytic activity than BVO due to the
appropriate band gap which had the longer wavelength of absorp-
tion, although other factors may contribute to its photocatalytic
activities and co-relate with each other.

4. Conclusions

In summary, the nanosized BiVO, (60nm) was successfully
prepared utilizing polyethylene glycol as the surfactant via the
ultrasonic-assisted method. It was found that ultrasonic irradia-
tion and surfactant play an important role in the formation of
nanosized BiVO,4. Compared with the samples prepared by solid-
state reaction, the BiVO4 sample exhibited higher photocatalytic
activity (nearly 12 times) in the degradation of RhB under visible-
light irradiation. Furthermore, the reduction of COD concentration
also demonstrated the photocatalytic performance of BiVO4. The
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sample possessed a large surface area, an appropriate band gap,
and a small crystal size, resulting in excellent visible-light pho-
tocatalytic activity. This work not only provides an example of
size-dependent photocatalytic properties but also opens new pos-
sibilities to provide some insight into the design of new high activity
photocatalysts for degrading organic pollutants and other applica-
tions.
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