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Abstract

Monoclinic BiVO, with multiple morphologies and/or porous structures were fabricated using the hydrothermal strategy. The materials
were characterized by means of the XRD, Raman, TGA/DSC, SEM, XPS, and UV-Vis techniques. The photocatalytic activities of the
BiVO, materials were evaluated for the degradation of Methyl Orange under visible-light irradiation. It is observed that pH value and
surfactant exerted a great effect on the morphology and pore structure of the BiVO, product. Spherical BiVO, with porous structures,
flower-cluster-like BiVO,, and flower-bundle-like BiVO, were generated hydrothermally at 100°C with poly(vinyl pyrrolidone) (PVP)
and urea (pH = 2) and at 160°C with NaHCO; (pH = 7 and 8), respectively. The PVP-derived BiVO, showed much higher surface areas
(5.0-8.4 m?/g) and narrower bandgap energies (2.45-2.49 eV). The best photocatalytic performance of the spherical BiVO, material
with a surface area of 8.4 m?/g was associated with its higher surface area, narrower bandgap energy, higher surface oxygen vacancy
density, and unique porous architecture.
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Introduction

Semiconductor photocatalysis is one of the most promising
technologies for solar energy utilization and environmental
remediation (Ai et al., 2009). TiO, has been proven to
be photocatalytically active for the degradation of organic
pollutants (Hoffmann et al., 1995; Chen and Dionysiou,
2006). However, TiO, responds only to ultraviolet light,
which represents a small fraction (ca. 4%) of the sunlight
energy. Therefore, it is highly required to develop visible-
light-driven photocatalytic materials.

As one of the Ti-free semiconductor photocatalysts,
bismuth vanadate has recently attracted much attention due
to its photocatalytic activity (Xu et al., 2008). For example,
BiVO, with different particle sizes and morphologies
showed good photocatalytic performance for the degrada-
tion of Methyl Orange (Zhou et al., 2006), Methylene Blue
(Zhang et al., 2007; Jiang et al., 2008; Yao et al., 2008), and
Rhodamine B (Zhang et al., 2006), and for the evolution
of O, from aqueous silver nitrate solutions (Yu and Kudo,
2006; Zhang et al., 2008) under visible-light illumination.
BiVOy, has three crystal phases of tetragonal zircon, mon-
oclinic scheelite, and tetragonal scheelite, among which
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the monoclinic scheelite BiVO, with a bandgap energy
of 2.4 eV is the most active photocatalytically under
visible-light irradiation (Tokunaga et al., 2001). Several
methods, such as solid-state reaction (Sleight et al., 1979),
coprecipitation (Yu et al., 2009), hydrothermal treatment
(Zhao et al., 2008), chemical bath deposition (Neves and
Trindade, 2002), organometallic decomposition (Sayama
et al., 2003), and sonochemical routes (Zhou et al., 2006),
have been reported for the fabrication of monoclinic
scheelite BiVO4. Among these strategies, the hydrothermal
one is a simple and effective pathway in generating mon-
oclinic BiVO, with perfect crystal structures and regular
morphologies in an environmentally benign manner (Yu
and Kudo, 2006). Up to now, a large number of monoclinic
BiVO, with various morphologies have been fabricated
using the hydrothermal method. For example, a series of
monoclinic BiVO4 with hyperbranched structures could
be synthesized by hydrothermally treating the mixture of
Bi(NOj3); and Na3z VO, at 200°C under acidic conditions

(Zhao et al., 2008). With Bi(NOj3); aijd NH4VO; as
starting material and urea or ammonia g4s pH adjusting
agent, highly crystalline monoclinic BiVQ4 powders with
polyhedral and rod-like morphologies cpuld be genert
ated via the hydrothermal route (Yu angl Kudo, 2006).
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Monoclinically crystallized BiVO4 nanosheets could be
fabricated hydrothermally with sodium dodecylbenzene
sulfonate as morphology-directing template (Zhang et
al., 2006). By controlling the pH values of the reaction
suspensions and with Bi;O3 and NH4VO; as inorgan-
ic source, cuboid-like, square plate-like, and flower-like
BiVO, could be synthesized via the cetyltrimethylammo-
nium bromide (CTAB)-assisted hydrothermal route (Li
et al., 2009a). With the assistance of a surfactant (e.g.,
hexadecyl trimethyl ammonium bromide, polyvinyl alco-
hol or polyvinyl pyrrolidone (PVP)), monoclinic BiVO4
materials with flower-, sphere-, and flat bread-like shapes
could be synthesized hydrothermally using bismuth nitrate
and ammonium metavanadate as metal source (Zhang and
Zhang, 2009).

To the best of our knowledge, it is the first time to
fabricate spherical BiVO,4 material with a porous structure.
Previously, our group investigated the fabrication and
physicochemical properties of a number of porous and/or
nano/microstructured materials, such as mesoporous MgO
(Wang et al., 2008) and CaO (Liu et al., 2008), and
three-dimensional (3D) ordered macroporous y-Al,O3 and
Ce;_,Zr,O, with mesoporous walls (Li et al., 2009b), via
the surfactant (e.g., Pluronic P123 (PEO,,PPO7(PEO,),
F127 (PEO;¢psPPO70PEO;(os), CTAB or polyethylene
glycol)-assisted hydrothermal route. Recently, our group
extended our attention to the controlled generation and
photocatalytic applications of visible-light-driven BiVO4
single crystallites with well-defined morphologies, and
found that such morphological single crystalline materi-
als performed well in the photocatalytic degradation of
Methylene Blue (MB) (Meng et al., 2011). In this work,
we report the controllable fabrication, characterization,
and photocatalytic properties of monoclinic BiVO, with
various morphologies and/or porous structures for the
degradation of Methyl Orange (MO) under visible-light
illumination.

1 Experimental

1.1 Catalyst fabrication

The BiVO, catalysts with different morphologies were
fabricated by adopting the hydrothermal strategy with
Bi(NO3)3-:5H,0 and NH4VO; as inorganic source in the
presence or absence of poly(vinyl pyrrolidone) (PVP). The
typical fabrication procedure was as follows: 10 mmol
of well-ground Bi(NO3);-5H,0O powders and 10 mmol of
well-ground NH; VO3 powders were dissolved in 50 mL
of HNOj3 aqueous solution (2 mol/L) under stirring. PVP
amout of 0.75 or 1.25 g (Bi/PVP molar ratio = 1/0.0025

or 1/0.0042) was added to the above mixed solution. A
certain amount of urea or NaHCO3; powders was added to
adjust the pH value of the solution to 2-8. After that, 80
mL of the above mixture (a certain amount of deionized
water was added if the volume of the mixture was less
than 80 mL) was transferred into a 100-mL Teflon-lined
stainless steel autoclave for hydrothermal treatment at 100
or 160°C for 30 hr. The as-obtained yellow precipitate
was in turn filtered, washed with deionized water and
absolute ethanol three times, dried at 60°C for 12 hr, and
calcined at a ramp of 1°C/min from room temperature to
550°C and kept at this temperature for 4 hr in a muffle
furnace, thus generating the BiVOy, catalyst. For the sake of
clear presentation, we denote the catalysts fabricated under
various conditions as BiVO4-x (x = 1-4), as described in
Table 1.

All of the chemicals (A.R. in purity) were purchased
from Beijing Chemical Company and used without further
purification.

1.2 Catalyst characterization

X-ray diffraction patterns of the BiVO, samples were
recorded on an X-ray diffractometer (Bruker/AXS DS
Advance, Germany) with a Cu K, X-ray irradiation source
(A = 0.15406 nm). Laser Raman spectra of the BiVO,
samples were measured on a Raman spectrometer (Bruker
RFS/100, Germany) equipped with a Nd:YAG laser (1064
nm) and an InGaAs detector; the laser power was 100
mW. The powdered samples were placed in a sample
holder, and recorded from 200 to 1000 cm™' with a
resolution of 4 cm™! in ambient atmosphere. Thermo-
gravimetric analysis and differential scanning calorimetric
analysis for the uncalcined sample were conducted in an
air flow of 100 mL/min at a ramp of 10°C/min from room
temperature to 900°C on a SDT Q600 instrument (TA,
USA). Surface areas of the samples were determined on
an adsorption analyzer (Micromeritics ASAP 2020, USA)
via N, adsorption at —196°C. Before measurement, the
samples were degassed at 250°C for 3 hr. The surface
areas were calculated by using the Brunauer-Emmett-
Teller method. Morphologies of the sample particles were
determined on a scanning electron microscopic (Gemini
Zeiss Supra 55, Germany) apparatus operated at 10 kV.
Transmission electron microscopic images of the typical
sample were recorded on a JEOL JEM-2010 apparatus,
(Japan). The X-ray photoelectron spectroscopy (XPS) was
used to determine the Bi 4f, V 2p, and O Is binding
energies (BEs) of surface bismuth, vanadium, and oxygen
species, respectively; Mg K, (hv = 1253.6 eV) was the
excitation source. Before XPS measurement, the sample
was treated in an O, flow of 20 mL/min at 550°C for

Table 1 Fabrication parameters, crystal structures, morphologies, BET surface areas, and bandgap energies of the BiVOy catalysts

Catalyst code Surfactant® Alkaline source ~ pH  Crystal structure ~ Morphology Surface area (m?/g) Bpmdgapemergy (€
BiVO4-1 PVP CO(NH»)> 2 Monoclinic Porous spherical 8.4 245
BiVOy4-2 PVP CO(NH»); 2 Monoclinic Porous spherical 5.0 219
BiVO4-3 - NaHCO3 7 Monoclinic Flower-cluster-like 2.4 2152
BiVO4-4 - NaHCO3 8 Monoclinic Flower-bundle-like 3.2 2152

4 Bi/PVP molar ratio was 1/0.0025 for BiVO4-1 and 1/0.0042 for BiVOy4-2.
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1 hr. After being cooled to room temperature and by means
of a glove bag (Instruments for Research and Industry,
USA), the sample was transferred into the spectrometer
under helium. The sample was outgassed (0.5 hr) in the
preparation chamber before being analyzed in the analysis
chamber. The C 1s signal at 284.6 eV was taken as a
reference for BE calibration. The ultraviolet-visible (UV-
Vis) diffuse reflectance spectra of the samples in the
200-900 nm range were recorded on a Shimadzu UV-2450
spectrophotometer (Japan) using BaSOy as standard.

1.3 Photocatalytic evaluation

Photocatalytic activities of the BiVO4 samples were eval-
uated for the degradation of MO under visible-light
illumination in a quartz reactor (Q0250, Beijing Changtuo
Sci. & Technol. Co., Ltd., China). A 300-W Xe lamp
was used as light source and an optical cut-off filter was
employed to only permit the illumination of light with
wavelength of > 400 nm. The photocatalytic evaluation
experiments were performed at ambient temperature as fol-
lows: 0.1 g of the BiVO4 or P25 (TiO;) sample was added
to 200 mL of MO solution (initial MO concentration Cq =
1.0 x 10> mol/L); after being ultrasonicated for 0.5 hr, the
mixed solution was magnetically stirred for 3 hr to reach
the adsorption-desorption equilibrium. The temperature of
the reaction system was kept at ca. 25°C using flowing cool
water. A small amount (4 mL) of the reactant solution was
taken at 20-min intervals and separated by centrifugation
for MO concentration determination. The MO concentra-
tion (C,) after a certain reaction time (¢#) was determined
by measuring the absorbance of the reactant solution at
464 nm during the photocatalytic degradation process on
the aforementioned UV-Vis equipment. The C,/Cy ratio
was used to evaluate the photocatalytic performance of the
sample.

2 Results and discussion

2.1 Crystal structure and surface area

Figure 1 illustrates the TGA/DSC profiles of the typical
sample (BiVO4-1) before calcination. There was a small
weight loss (ca. 0.32 wt.%) appeared below 184°C, ascrib-
able to the removal of the adsorbed water, accompanying
by the appearance of an endothermic signal centered at
169°C. Two weight losses (ca. 0.16 wt.% in the 184—
226°C range and ca. 1.28 wt.% in the 226-386°C range)
were caused by the removal of the nitrates and PVP
left after washing with water and ethanol, companying
by the detection of two exothermic signals centered at
207 and 271°C, respectively. Therefore, it was appropriate
to calcine the BiVO, precursors at 550°C for the total
elimination of surfactant molecules and the formation of
single-phase monoclinic BiVO4 phases (substantiated by
the XRD results below).

Figure 2 shows the XRD patterns of the BiVO,4 samples
obtained under various conditions. All of the diffraction
peaks of the BiVO, samples could be well indexed to the
monoclinic scheelite phase (JCPDS PDF# 83-1700), as
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Fig. 1 TGA/DSC profiles of the BiVO4-1 sample before calcination at
550°C for 4 hr. RT: room temperature.
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Fig. 2 XRD patterns of the BiVO,4 samples.

indicated in Fig. 2. No other peaks assignable to impurity
phases were detected. Other authors have also obtained
similar XRD patterns of BiVO, (Tokunaga et al., 2001; Ke
et al., 2008; Huang et al., 2010; Zhang et al., 2010). The
formation of monoclinic scheelite BiVO, structure was
substantiated by the results of laser Raman studies (Fig. 3).
It can be seen from Fig. 3 that there were Raman bands
at ca. 210, 327, 367, 633, 702, and 826 cm™! for all of

826

5 /\ .

AN N BiVO,-3

=

g

=
BiVO,-2
BiVO,-1

200 400 600 80 1000

Raman shift (cm™)

Fig. 3 Laser Raman spectra of the BiVO4 samples.
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the samples. These signals were the characteristic Raman
bands of monoclinic BiVO,4. The most intense band at ca.
826 cm™! was attributed to the symmetric V-O stretching
mode and the weak bands at ca. 702 and 633 cm™! were
assigned to the asymmetric V-O stretching mode. The
asymmetric and symmetric bending vibrations of the VO4
tetrahedron were detected at ca. 327 and 367 cm™', respec-
tively. The external mode (rotation/translation) occurred at
ca. 210 cm™! (Hardcastle et al., 1991). The V-O stretching
mode (at ca. 822 cm™!) of the BiVO,-3 sample shifted to a
lower frequency compared to that (at ca. 826 cm™!) of the
other BiVO,4 samples, indicating that the bond length of
the BiVO,4-3 sample was longer (Yu and Kudo, 2006). The
differences in width and intensity of the Raman bands in
the BiVOy4 samples reflected the variations in crystallinity,
defect and disorder, particle size, and/or particle aggrega-
tion of these materials (Zhang et al., 2009). The results
of the Raman investigations indicate that the fabrication
parameters had an important effect on the crystallinity and
particle morphology of the BiVO,4 samples. From Fig. 2,
one can also observe that there was a discrepancy in peak
intensity of the BiVO, samples, indicating the presence
of crystallinity difference among these samples. All of
the four samples were single-phase monoclinic scheelite
BiVOy,, implying that the calcination temperature (550°C)
was appropriate to guarantee the generation of single-
phase monoclinic scheelite BiVO;,.

A number of investigations have shown that surface area
of a photocatalyst has a positive effect on the enhancement
in photocatalytic performance (Amano et al., 2008; Ai
et al., 2010; Li et al., 2008). Although BiVO, materials
with high surface areas (40-60 m?/g) were fabricated via
the KIT-6-nanocasting route (Li et al., 2008) and via the
flame-assisted synthesis route (Castillo et al., 2010), most
of monoclinic BiVO, catalysts reported in the literature
possessed a lower surface area (< 3 mz/g) (Zhang et al.,
2010), due to the high-temperature calcination processes
adopted. Table 1 summarizes the surface areas of the
BiVO, samples. It is observed that the BiVO4-1 and
BiVO,-2 samples derived with the addition of PVP and
urea exhibited a higher surface area of 8.4 and 5.0 m?%/g,
respectively; but the BiVO,4 sample obtained in the absence
of PVP with urea showed a much lower surface area
(1.9 m?/g). As for the BiVO,;-3 and BiVO4-4 samples
fabricated in the absence of PVP and with NaHCO; as pH
adjustor, the surface areas (2.4 and 3.2 m?/g, respectively)
were also lower. Obviously, the surfactant PVP played
a crucial role in generating high-surface-area monoclinic
BiVO, materials.

2.2 Morphology and formation mechanism

Figure 4 shows the SEM and TEM images of the BiVO,
samples. It is observed that the BiVO4-1 and BiVO4-2
samples derived with PVP as surfactant and urea as pH reg-
ulator (pH = 2) were composed of spherical microparticles
with pores on the surface and in the inner (Fig. 4a, b, and
1). The diameter of the spherical BiVOy-1 particles was 3—
4 wm, smaller than that (4—6 pm) of the BiVOy-2 particles.
Although hollow BiVO,4 nanospheres without pore struc-

tures could be fabricated with colloidal carbon spheres as
hard template (Yin et al., 2009), spherical BiVO,4 materials
with porous architectures have not been reported before.
In the absence of PVP with NaHCO; as pH adjustor (pH
= 7 or 8), the obtained BiVO4-3 and BiVO4-4 samples
displayed significantly different morphologies; the former
showed a flower-cluster-like shape that was composed of
a number of spindle-like microrods (Fig. 4e and f). The
BiVO, particles with a similar morphology were also
generated by other research (Su et al., 2010). When the pH
value rose from 7 to 8, the obtained BiVO4-4 sample exhib-
ited a flower-bundle-like morphology with some cavities
on the surfaces (Fig. 4g and h), and each piece of a bundle
was compiled by numerous nano/microsized pseudo-cubes
(about 1 pm in diameter). Zhang et al. (2009) ever pointed
out that there was presence of significant effect of pH value
on the morphology of BiVO, photocatalyst derived via a
hydrothermal route. Obviously, the big difference in parti-
cle morphology of our four BiVO,4 samples was associated
with the PVP and pH value during the fabrication process.

The above SEM observations reveal that surfactant and
pH value had an important role to play in the mor-
phological evolution of BiVO, particles. When the pH
value of the precursor solution was adjusted to 7 or 8
with NaHCOs;, the vanadium and bismuth were present
in the forms of VO;~ and Bi** (Zhang et al., 2009),
respectively; during the hydrothermal process VO3~ and
Bi** could react to generate BiVO, crystal nuclei, which
then grew up to produce primary BiVO,4 nanoparticles,
and these nanoparticles finally aggregated to form rod- or
cube-like structures according to the “oriented attachment”
mechanism (Penn and Banfield, 1998). With the further
growth of the subunits, these rods or cubes were aligned
to crystallize into flower-cluster-like (BiVQy4-3) or flower-
bundle-like (BiVO4-4) microentities through the Ostwald
ripening process after calcination at 550°C. In the PVP-
mediated hydrothermal processes, however, only irregular
aggregations of nanoparticles were obtained in the absence
of PVP (not shown here). Obviously, PVP played an
important role in the formation of porous spherical BiVO,
microentities. In the presence of PVP in the precursor
solution, these PVP molecules could adsorb on the ini-
tially formed BiVOy4 nanoparticles. Although the absorbed
PVP molecules prevented the primary nanoparticles from
growth (Cheng et al., 2009), these PVP-covered primary
BiVO, nanoparticles could interact in all directions to
self-assemble to form a spherical alignment, which then
transferred into porous spherical BiVO4 microentities after
calcination. It should be noted that the presence of the ster-
ic effect of PVP molecules (Zhu et al., 2004) would cause
the spherically aligned particles to be loosely compiled and
numerous pores were hence generated in the external and
internal surfaces of each spherical microentitiy (Zhu et al.,
2009).

2.3 Metal oxidation state, oxygen vacanfy density, and
surface composition

The Bi 4f, V 2p3/2, and O 1s XPS specta of the BiVO4
samples are shown in Fig. 5. It is observed that the Bi 4f
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Fig. 4 SEM (a, b) and TEM (i) images of BiVO4-1, and SEM images of BiVO4-2 (c, d), BiVO4-3 (e, f), and BiVO4-4 (g, h).
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Fig. 5 Bi4f, V 2p3/2, and O 1s XPS spectra of the BiVO4 samples. Line a BiVO4-1; line b BiVO4-2; line ¢ BiVO4-3; lineld BiVO4-4.

spectrum of each BiVO, sample showed two symmetric ~ orbit splitting of Bi 4f7,, and 4fs,, respgctively), which
peaks at BE = 158.6 and 163.9 eV (assignable to the spin-  were characteristic signals of Bi** (Zhang et al., 2006;
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Jiang et al., 2009). This result indicates that all of the
bismuth ions in the BiVO, samples existed in trivalency.
Similar results were also reported by other publications
(Zhang et al., 2006; Jiang et al., 2009). As can bee seen
from Fig. 5, the asymmetric V 2ps,, peak could be decom-
posed into two components at BE = 516.6 and 515.7 eV,
attributable to the surface V>* and V** species (Liu et al.,
2007), respectively. In other words, there was co-presence
of V>* (in majority) and V#* (in minority) species in the
BiVOy samples. In terms of the electroneutrality principle,
it can be deduced that the BiVO, samples were oxygen-
deficient (i.e., BiVO4_s) and the surface nonstoichiometric
oxygen amount (§) depended upon the surface V4/V>*
molar ratio. As for the O 1s spectra of the BiVO,4 samples,
the asymmetric peak centered at ca. 530 eV could be de-
convoluted to two components at BE = 529.7 and 531.9 eV,
ascribable to surface lattice oxygen (O 1) and adsorbed
oxygen (O,gs) species, respectively (Kulkarni et al., 1995).
Since the BiVO,4 samples were pretreated in an O, flow at
550°C before the recording of XPS spectra, the possibility
of surface OH~ and COs3?~ species existence would be
minimized. Therefore, the O,qs species were mainly O,
0, or 0,2~ species, which dwelled at the surface oxygen
vacant sites of the BiVO,_s samples (Kulkarni et al.,
1995). Table 2 summarizes the surface Bi/V, V**/V ",
and O,4,/O% 1« molar ratios of the BiVO, samples. The
surface Bi/V molar ratios (0.98—1.07) of all of the BiVOy4
samples were close to 1, indicating that these samples
were homogeneous BiVO, phase. The surface V*/V>*
and O,4,/O% 14 molar ratios reveal that the BiVO,4-1 and
BiVO,-2 samples possessed more amounts of surface V*4*
and O,qs species than the BiVO4-3 and BiVOy-4 samples.
In other words, the former two samples contained more
amounts of surface oxygen vacancies (i.e., higher surface
oxygen vacancy density) than the latter two samples.
It is well known that a higher oxygen vacancy density
would be beneficial for the enhancement in photocatalytic
performance, as substantiated by the activity data shown
later.

Absorbance (a.u.)

OO Il Il
200 400 600

Wavelength (nm)

800

Fig. 6 UV-Vis diffuse reflectance spectra (A) and plots of the (athv)? versus hv (B) of BiVO, samples.

Table 2 Surface Bi/V, V#*/V3*, and O,4s/O%

latt
as-fabricated BiVO4 samples

molar ratios of the

Sample Bi/V molar NAAAM 0O.as/O%,
code ratio molar ratio molar ratio
BiVO4-1 1.01 0.050 0.489
BiVO4-2 0.98 0.048 0.466
BiVO4-3 1.06 0.036 0.352
BiVO4-4 1.07 0.043 0.389

2.4 Optical absorption behavior

Figure 6 illustrates the UV-Vis DRS spectra of the BiVO,
samples. All of the samples exhibited strong absorption in
the UV- and visible-light regions, which was characteristic
of monoclinic BiVO4 (Zhou et al., 2010). The steep
shape of each spectrum in the visible-light range was
due to the bandgap transition (Zhou et al., 2007). For a
crystalline semiconductor, the optical absorption near the
band edge follows the formula of (ahv)? = A(hy — E,)",
where o, hv, A, and E, denote the adsorption coefficient,
incident photon energy, constant, and bandgap energy,
respectively. Among them, the value of n depends upon
the characteristics of the transition, i.e., direction transition
(n = 1) and indirection transition (n = 4). The n value
for BiVOy is 1 (Zhou et al., 2006). Therefore, the E,
value of each BiVO, sample could be estimated from the
intercept of the plot (ahv)? versus hv, as summarized in
Table 1. The bandgap energies of the BiVO, samples were
in the range of 2.45-2.52 eV, which were comparable
to those reported by other investigators (Li et al., 2009;
Shen et al., 2010). Compared to the BiVO4-3 and BiVO4-4
samples, the spherical BiVO,4-1 and BiVOy4-2 samples with
porous structures possessed lower bandgap energies (2.45—
2.49 eV), indicating that the porous BiVO4 samples could
respond to visible light more effectively and would hence
be expected to show higher visible-light-driven photocat-
alytic performance, as confirmed by the photocatalytic
evaluation results below.
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2.5 Photocatalytic performance

The photocatalytic performance of the BiVO, samples
was determined for the degradation of MO in an aqueous
solution under visible-light illumination. For comparison
purposes, the experiments of MO direct photolysis (blank
experiment) and MO degradation over the commercial
TiO, (Degussa P25) nanoparticles under identical con-
ditions were also carried out. Figure 7 shows the MO
concentration ratios (C,/Cy) of the different samples and
that of the direct photolysis process with irradiation time.
Obviously, the MO concentration in the blank experiment
was slightly changed after visible-light irradiation for 2
hr, indicating that MO could hardly be photolyzed under
this condition. Similar phenomena were also observed
by other authors (Ge, 2008). Over the P25 sample, the
MO conversion after visible-light irradiation for 2 hr was
ca. 7%. The BiVO, samples, however, exhibited much
better visible-light-driven photocatalytic performance than
the P25 sample, and the MO conversion within 2 hr
of reaction decreased in the order of BiVO4-1 (84%) >
BiVO4-2 (65%) > BiVO4-4 (44%) > BiVO4-3 (30%). The
degradation rate (4.20 X 107 molpo/(gea-hr) obtained
over BiVOy4-1 was significantly higher than that (1.07 x
107 molyo/(gear-hr) obtained over the BiVO, material
reported elsewhere (Zhang and Zhang, 2010). Apparently,
the spherical BiVOy4-1 and BiVOy4-2 samples with porous
structures were much superior to the flower-cluster-like
BiVO,-3 and flower-bundle-like BiVO4-4 samples in pho-
tocatalytic performance. It has been generally accepted
that photocatalytic performance is mainly influenced by
the factors, such as adsorption capacity of reactants, ability
of optical absorption, and separation and transportation
rates of photogenerated electrons and holes in the catalyst
(Chang et al., 2007). In our previous studies, we observed
a drop in bandgap energy of BiVO,4 (Jiang et al., 2011) or
Fe,O3 (Zhang et al., 2011) with a porous structure. It is
known that a higher surface area and a developed porous
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Fig. 7 Photocatalytic activities of the blank (direct photolysis), Degussa
P25, and BiVO4 samples for the degradation of MO under visible-light (A
> 400 nm) irradiation.

architecture facilitate the adsorption of reactant molecules,
and the presence of oxygen vacancies is beneficial for the
activation of oxygen molecules dissolved in the solution to
active oxygen species, which was helpful for the separation
of photogenerated electrons and holes in catalyst. There-
fore, the co-action of these factors would give rise to the
enhancement in photocatalytic performance. Compared
to the BiVOy4-3 and BiVO4-4 samples, the BiVO4-1 and
BiVO4-2 samples possessed higher surface areas, stronger
photoabsorptive ability, and narrower bandgap energies
(Table 1, Fig. 6). Furthermore, higher surface oxygen
vacancy densities in the BiVO4-1 and BiVOy4-2 samples
than those in the BiVO,4-3 and BiVO,4-4 samples might also
contribute to the improved photocatalytic performance of
the former two catalysts. In addition, the porous structures
of BiVO4-1 and BiVO4-2 could favor the adsorption and
diffusion of reactants as well as the facile accessibility of
incident light to more surfaces of catalysts, thus leading
to an enhancement in photocatalytic activity (Sun et al.,
2009).

3 Conclusions

Monoclinic scheelite BiVO4 materials with multiple mor-
phologies and/or porous structures were fabricated by
using the hydrothermal method with bismuth nitrate and
ammonium metavanadate as inorganic source, urea or
NaHCO; as pH adjustor, and/or the PVP as surfactant.
The results revealed that surfactant and pH value had a
great impact on the morphology and pore structure of the
BiVO, product. Spherical BiVO, with porous structures,
flower-cluster-like BiVO,, and flower-bundle-like BiVO,
could be fabricated hydrothermally at 100°C with PVP and
urea (pH = 2) and at 160°C with NaHCO; (pH = 7 and 8),
respectively. The surface areas and bandgap energies of the
four BiVO, samples were in the range of 2.4-8.4 m?/g and
2.45-2.52 eV, respectively. Among the four samples, the
spherical BiVO, with a surface area of 8.4 m?/g showed the
highest photocatalytic activity for the degradation of MO
under visible-light irradiation, which might be due to its
higher surface area, lower bandgap energy, higher surface
oxygen vacancy density, and unique porous architecture.
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