
Effects of pH on the Hierarchical Structures and Photocatalytic
Performance of BiVO4 Powders Prepared via the Microwave
Hydrothermal Method
Guoqiang Tan,* Lili Zhang, Huijun Ren, Shasha Wei, Jing Huang, and Ao Xia

Key Laboratory of Auxiliary Chemistry & Technology for Chemical Industry, Ministry of Education, Shaanxi University of Science &
Technology, Xi’an 710021, People’s Republic of China

*S Supporting Information

ABSTRACT: BiVO4 powders with hierarchical structures were prepared by
the microwave hydrothermal method at different pHs, using Bi(NO3)3·5H2O
and NH4VO3 as raw materials. The results show that, when the pH value of
the precursor is 0.59, the as-prepared powders are monoclinic BiVO4 crystals
with octahedron and decahedron morphologies. Spherical and polyhedral
BiVO4 with particle sizes in the range of 2−4 μm can be prepared under the
strong acid condition (pH = 0.70−1.21) and possess a mixed crystal
consisting of tetragonal and monoclinic phases, whereas rodlike and dendritic
BiVO4 with a pure monoclinic phase can be obtained within a very wide pH
range (pH = 4.26−9.76). The phase transformation from tetragonal phase to
monoclinic phase occurs at pH 3.65. At pH >9.76, the powders are the
nonstoichiometric crystals between the mixed-phase BiVO4 and non-BiVO4.
The photocatalytic efficiencies were evaluated by the degradation of
Rhodamine B (RhB) under UV and simulated sunlight irradiation. The corresponding relationship among pH values of the
precursor, crystalline phase, morphology, and photocatalytic performance of the powders was also discussed.
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1. INTRODUCTION

In recent years, the photocatalytic technology through
semiconductors for the degradation of the organic pollutants
in wastewater and air has been extensively studied.1−3 TiO2 has
become an ideal photocatalyst, because of its nontoxicity,
higher chemical stability, and oxidizability features.4,5 However,
the band gap of TiO2 is rather wider (3.2 eV), which can only
respond to the ultraviolet (UV) light covering 4% of the solar
energy; this restricts the application of TiO2.

6,7 BiVO4 is a new
visible-light-responsive catalyst.8,9 Because of the narrow band
gap, nontoxicity, higher stability, and higher sunlight utilization,
BiVO4 has drawn great attention.10 There are three crystal
structures of BiVO4: a monoclinic scheelite structure (ms-
BiVO4), a tetragonal scheelite structure (ts-BiVO4), and a
tetragonal zircon structure (tz-BiVO4).

11,12 Tetragonal BiVO4

with a 2.9 eV band gap mainly possesses a UV absorption band,
while monoclinic scheelite BiVO4, with a 2.4 eV band gap, has
both a visible-light absorption band and a UV absorption band.
The UV bands observed in the tetragonal and monoclinic
BiVO4 are assigned to the band transition from O2p to V3d,
whereas the visible light absorption is due to the transition from
a valence band (VB) formed by Bi6s or a hybrid orbital of Bi6s
and O2p to a conduction band (CB) of V3d.

13,14 In addition, the
Bi−O bond in monoclinic BiVO4 is distorted, which increases
the separation efficiency of the photo-induced electrons and
holes.15,16 Then, among the three crystal types of BiVO4,

monoclinic BiVO4 exhibits much higher photocatalytic activity
than the other two tetragonal phases. Therefore, it is very
important for the study on the selective preparation of
monoclinic BiVO4. To date, numerous methods have been
employed to synthesize monoclinic BiVO4 with different
morphologies, such as solid-state reaction,17 aqueous solution
method,18 co-precipitation,1,19 solvothermal method,20 molten
salt method,21 sonochemical method,22 and hydrothermal
method.23,24

It is well-known that many reaction conditions such as the
precursor concentration, the nature of the surfactant, hydro-
thermal temperature, and time have important effects on the
crystalline phase and morphology of the powders.25 Micro-
spheric and lamellar BiVO4 powders were selectively prepared
through adjustment of the hydrothermal temperature by using
cetyltrimethylammonium bromide (CTAB) as a template-
directing reagent.26 Guo et al.27 prepared BiVO4 with various
crystal structures and morphologies by tuning hydrothermal
treatment time, acidity, and molar ratio of Bi to V in the
starting materials. It is found that the pH values of the
precursor solution have the great effects on the phase and
morphology of BiVO4 powders. With the help of triblock
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copolymer P123, Meng and co-workers25 have synthesized the
multi-morphology BiVO4 powders by using the hydrothermal
method and adjusting the pH values. They found that the
rodlike BiVO4 derived hydrothermally with P123 at pH 6 were
able to completely degrade the Methylene Blue after 3 h of
visible-light irradiation. Zhang et al.28 studied the photocatalytic
degradation of Methyl Orange over BiVO4 powders prepared at
different pH values. Therein, the sheetlike BiVO4 prepared at
pH 6.9 gave maximum photodegradation activity and the
Methyl Orange was completely degraded after 1 h of visible-
light irradiation. However, among these studies on the synthesis
of BiVO4 powders, there were few reports on the
corresponding relationship among pH values of the precursor,
crystalline phase, morphology, and photocatalytic performance
of the powders. Herein, we reported a microwave hydrothermal
routea new quick powder synthesis methodfor the
selective synthesis of ms-BiVO4 at different pH values and
obtained the corresponding relationship among pH values of
the precursor, phase, morphology, and photocatalytic perform-
ance of the powders. The possible mechanism of phase
transformation at different pH conditions was also discussed.

2. EXPERIMENTAL SECTION
2.1. Photocatalyst Synthesis. All reagents were analytical-reagent

(AR) grade and used without further purification. In a typical
preparation, 0.01 mol Bi(NO3)3·5H2O was dissolved in 20 mL distilled
water and stirred for 30 min at room temperature to form a hydrolyzed
white floccule suspension. A quantity of 0.01 mol NH4VO3 was
dissolved in 20 mL of boiled distilled water and then heated and
stirred for 30 min to form a transparent solution. The NH4VO3
solution then was added dropwise into the white floccule suspension
under vigorous stirring, to form a salmon suspension. After stirring for
20 min, 5 mL of NaOH solutions with different concentrations (0−12

mol/L) were added to adjust pH values of the suspensions. After
stirring for 15 min, each precursor was transferred into a 100-mL
Teflon-lined stainless autoclave. The microwave hydrothermal
reactions were carried out at 200 °C for 40 min in MDS-8 closed
vessel microwave chemistry workstation. Finally, the precipitates were
washed with distilled water and absolute ethanol three times, and then
dried at 60 °C for 12 h.

2.2. Characterization Studies. The crystalline phases of the as-
prepared samples were determined by X-ray diffraction (XRD)
analysis (Rigaku, Model D/Max-2200). The diffraction patterns were
recorded in the range of 2θ = 15°−70° using Cu Kα radiation (λ =
0.15406 nm) at a scan rate of 8° min−1. The morphology and particle
size of the samples were examined by field-emission scanning electron
microscopy (FE-SEM) (Model JEOL, JSM-6700F). The micro-
structures of the samples were investigated by transmission electron
microscopy (TEM) (JEOL, Model JEM-3010) and high-resolution
transmission electron microscopy (HRTEM). The UV-vis absorption
spectra were recorded on a UV-vis spectrophotometer (Shimadzu,
Model UV-2550) in the wavelength range of 200-800 nm. BaSO4 was
used as the reference. The specific surface area of the samples were
measured by a Brunauer−Emmett−Teller specific surface area
instrument (Beishide Instrumentation Technologies (Beijing) Ltd.,
Model BET 3H-2000 BET-A) with nitrogen adsorption at 77 K.

2.3. Photocatalytic Activity. Photocatalytic activities of samples
were determined by the decolorization of Rhodamine B (RhB)
aqueous solution under simulated sunlight and UV-light irradiation. A
350-W xenon lamp was used as a simulated sunlight source and a 300
W mercury lamp was used as a UV-light source. In a typical run, 0.1 g
of BiVO4 was added to 50 mL of RhB solution (2 × 10−5 mol/L).
Before illumination, the solutions were stirred for 30 min in darkness
in order to reach the adsorption−desorption equilibrium. At given
time intervals, 5 mL suspension was collected and centrifuged to
remove the photocatalyst particles. The concentration of RhB was
then determined by measuring the absorbance at λmax = 553 nm, using
a UV-vis spectrophotometer (Model SP-756p).

Figure 1. XRD patterns of BiVO4 powders prepared by microwave hydrothermal method at different pH values: (a) pH = 0.59−3.65; (b) pH =
4.26−9.76; (c) pH = 10.44−12.93.
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3. RESULTS AND DISCUSSION
3.1. XRD Analysis. Figure 1 shows XRD patterns of BiVO4

powders prepared via a microwave hydrothermal method at
different pH values. When the pH value of the precursor was
0.59, Bi(NO3)3·5H2O was hydrolyzed (as shown by reactions
3-1 and 3-2):

+ ↔ + ↔ ++ + + + +Bi H O Bi(OH) H Bi(OH) 2H3
2

2
2

(3-1)

+ → ↓ +− +NO Bi(OH) BiONO H O3 2 3 2 (3-2)

More H+ species and a small amount of slightly soluble
BiONO3 was generated,6,28,29 so little BiVO4 was formed, as
shown in reaction 3-3.

+ → ↓ +− −BiONO VO BiVO NO3 3 4 3 (3-3)

At pH ⩽0.59, there were fewer crystal nuclei. Since the
monoclinic sheelite BiVO4 (ms-BiVO4) (JCPDS No. 14-0688)
was thermodynamically more stable than the polymorph with
the tetragonal zircon structure (tz-BiVO4) (JCPDS No. 14-
0133) under strong acidic conditions (pH ⩽0.59), it was easy
to generate the ms-BiVO4 crystals with high crystallinity.30

However, when the pH of the precursor was suddenly increased
by adding NaOH, both ms-BiVO4 and tz-BiVO4 could be
synthesized. Since the formation of tz-BiVO4 seemed to be

more feasible kinetically by a sudden increase of pH, the tz-
BiVO4 content in the powders increased as the pH increased
from 0.70 to 2.55. At pH 2.55, the amount of ms-BiVO4 was
decreased to the minimum. Most of the generated crystal was
the tz-BiVO4 (shown in Figure 1a). When the pH increased to
3.65, the diffraction peak at (121) appeared again, implying that
ms-BiVO4 had started to form. Once the pH increased to 4.26,
pure ms-BiVO4 could be obtained, as observed in Figure 1b.
This was because the H+ species was consumed gradually as the
pH values constantly increased, which induced the reversible
reaction equilibrium to the right direction, as shown earlier in
reactions 3-1 and 3-2. Therefore, the amount of BiONO3

became greater and the generated amount of BiVO4 also
increased. As a mineralizer, NaOH forced the generation of tz-
BiVO4 at the first stage and the following transformation to ms-
BiVO4 via a dissolution−recrystallization process.16 From pH
4.26 to pH 9.76, with the further increase of adding content of
NaOH, the mineralization of OH− became stronger, which
forced all the tz-BiVO4 to transform to ms-BiVO4, so the as-
prepared powders were all pure ms-BiVO4 powders in this pH
region (as shown in Figure 1b). In addition, as a buffer, NaOH
could determine the concentration of the monomer in the
solution, adjust the nucleation rate and crystal growth rate of
BiVO4,

29 and make the crystals generate the stable monoclinic
phase. The ms-BiVO4 crystals first showed enhanced

Figure 2. FESEM images of BiVO4 powders prepared at different pH values: (a) 0.59, (b) 0.70, (c) 1.21, (d) 2.55, (e) 3.65, (f) 4.26, (g) 7.81, (h)
8.48, (i) 9.50, (j) 9.76, (k) 10.44, (l) 10.55, (m) 12.59, and (n) 12.93.
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crystallinity and then a weakened tendency toward crystal-
lization. At pH 6.47, the nucleation rate and the growth rate
reached the balance. Therefore, the crystal growth was the most
complete and the crystallinity was the highest. At pH 10.44, the
diffraction peaks corresponding to tz-BiVO4 began to appear
and the intensity of the diffraction peaks was increased as the
pH values increased. The as-prepared powders were mixtures of
ms-BiVO4 and tz-BiVO4. From pH 10.55, under alkaline
conditions, the Bi3+ species could be easily hydrolyzed and
aggregated to form the high polymer (seen in reaction 3-4):

+ → ++ − +n n nBi 2 OH [Bi O ] H On n
n3

2 (3-4)

The high polymer was dissolved to generate Bi2O3 and Bi2O2.75.
The following crystal phases began to appear in the powders:
Bi2VO5.5 (JCPDS No. 51-0032), Bi7VO13 (JCPDS No. 44-
0322), Bi2O3 (JCPDS No. 74-1375), and Bi2O2.75 (JCPDS No.
27-0049) (see Figure 1c). On the basis of our experiment,
relevant chemical reactions can be formulated as shown in
reaction 3-4.
3.2. Morphology Characterization. Figure 2 shows SEM

images of BiVO4 powders prepared via the microwave
hydrothermal method at different pH values. Scheme 1 clearly
indicates the evolution process of the BiVO4 crystals by varying
the pH values of the precursors. At pH 0.59, the precursor
substance was dissolved. When the supersaturation of the
solution was increased to a relatively high value, the ms-BiVO4
particles nucleate. The monomer was precipitated on the crystal
nucleii and the crystals grew, which was helpful for the
formation of polyhedral crystals.31 The as-obtained BiVO4

crystals possessed perfect octahedron and decahedron
morphologies with sharp corners and well-defined edges. The
polyhedral edge lengths were in the range of 2−3 μm, as shown
in Figures 2a and Figure 3a. After adding a small amount of
NaOH, a sudden increase in pH resulted in uneven nucleation,
so some spherical tz-BiVO4 was generated. Because the crystals
grew along the different directions at different growth rates, as
the reaction proceeded, the crystal plane with the higher growth
rate would disappear while the crystal plane with the lower
growth rate would increase in area. Since the growth rate of the
(121) facets was greater than that of the (040) facets, the area
of the (121) facets became smaller while the area of the (040)
facets became larger, resulting in the disappearance of the
apexes of octahedron crystals, as shown in Figure 2b. The
intensity ratios of (121)/(040) increased as the pH increased
(see Figure S1 in the Supporting Information). This result is
consistent with the SEM analysis. At pH 1.21, the as-produced
powders had two types of morphologies. One was the dense
decahedron and irregular polyhedron caused by the dissolution
of octahedral edges (Figure 2c). The other was a loose sphere
composed of the small polyhedron crystals. The formation of
the crystal seeds consumed more intermediate products. Thus,
the amount of the monomer precipitated on every crystal seed
was decreased. The bigger nucleation rate and the smaller
crystal growth rate resulted in the space between small crystals.
As the pH increased to 2.55, more monomers were generated
and then aggregated on the seed. Every small grain grew further
and was piled together densely to become the dense sphere
with a diameter of 2−3 μm or an oblate spheroid 1 μm in

Scheme 1. Summary of the Influence of Different pH Values on the Crystalline Phase and Morphology of the As-Prepared
BiVO4

Figure 3. (a) TEM image of BiVO4 powders prepared at pH 0.59; (b) TEM image and (c) HRTEM image and SAED diffraction pattern (inset) of
BiVO4 powders prepared at pH 7.81.
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diameter (Figure 2d). The small amount of nanoparticles were
scattered around the sphere, as shown in the inset of Figure 2d.
When the pH was increased to 3.65, NaOH played its strong
mineralization ability. Phase transformation from the tetragonal
phase to the monoclinic one took place during the
recrystallization process.30 The tz-BiVO4 crystals were dissolved
and recrystallized to ms-BiVO4. The monoclinic small grains
began to escape from the tetragonal spherical crystals (seen in
Figure 2e). The small grains composed of the sphere grew from
the surface and escaped from the surface. They were then
connected with other grains to grow into irregular dendritic
crystals, and the sizes of the crystals were about dozens of
nanometers. At pH 4.26, the tetragonal spherical-shaped
crystals disappeared completely and were transformed to the
monoclinic irregular sheetlike and short rodlike crystals (Figure
2f). At pH 7.81, the nucleation rate of the crystal was smaller
than the growth rate. The generated crystals were all irregular
rodlike or dendritic crystals with dimensions of ∼100 nm
(Figure 2g). It can be seen from the TEM image (Figure 3b)
that the crystal was three short rods 0.20 μm in diameter,
growing from the long rod with a diameter of 0.23 μm. From
the inset in Figure 3c, the SAED diffraction patterns were the
bright spots of electron diffraction, which indicated that the as-
prepared BiVO4 was single crystalline. The clear lattice fringe
indicated the high crystallinity. The d-spacings were measured
to be 0.31 and 0.47 nm, which agreed well with the lattice
spacings of (1̅21) and (011) of ms-BiVO4. At pH 8.48, the
crystals grew further. A large amount of irregular long-rod-like
crystals and a small amount of fish-rib-like crystals with the
trunk length of 1 μm and a branch length of hundreds of
nanometers appeared (seen in Figure 2h). At pH 9.50, the
short-rod-like crystal grains gradually dissolved and recrystal-
lized. The grains were transformed from the small-size grain
surface to the large-size grain surface. The long-rod-like crystals
were changed to sheetlike crystals. Both the trunk and branch
of the fish-rib-like crystals grew bigger and the crystal surface
became rough (Figure 2i). At pH 9.76, the crystals grew to be
several micrometers, the morphology was irregular and the
aggregation was serious. There were some fish-rib-like crystals
with a trunk length of ∼5 μm and the branch length of ∼1 μm
(Figure 2j). At pH 10.44, the hollow tubular crystals 20−50 μm
in length were generated. The cross section of the hollow tube
was square (Figure 2k), and the side length of the square was
∼1−2 μm. From the inset of Figure 2k, it could be seen that the
hollow tube was composed of many long rods with a side
length of 300 nm. On the surface and the surroundings of the
hollow tube were scattered small spheres 300 nm in diameter.
At pH 10.55, the powders were hollow spheres 0.5−0.6 μm in
diameter. The hollow sphere was composed of many smaller
grains. Some individual hollow spheres were not completely
closed (Figure 2l). At pH 12.59, the powders were formed by
the aggregation of the sheetlike substance hundreds of
nanometers in size (Figure 2m). When the pH was 12.93,
the bandlike substance hundreds of nanometers in width and
∼10 μm in length was formed, and its surface was smooth
(Figure 2n).
The XRD, FESEM, and TEM results suggest that the pH

values of the precursors affect not only the crystal structure, but
also the morphology of as-prepared BiVO4; moreover, for ms-
BiVO4, different morphologies can be selectively synthesized by
adjusting the pH values of the precursors.
3.3. UV-Vis Absorption Spectra Analysis. The diffuse

reflectance spectra of the prepared BiVO4 samples are shown in

Figure 4. All the samples showed very strong absorption in the
UV-light region, while, in the visible light region, the absorption

intensity was obviously different. The powders prepared at pH
= 0.70−3.65 showed weak absorption in the visible-light
regions (400−500 nm). At pH 1.21, the absorption curve of the
as-prepared powders showed the apparent step-like within
regions of 420−500 nm, which was related to its mixed-phase
structure. The monoclinic powders prepared at pH 0.59 and in
the pH region of 6.47−9.76 still possessed strong absorption in
the visible-light regions. The spectra were steep, which
indicated that the visible-light absorption was not due to the
transition from the impurity level but, rather, the band-gap
transition.10,32 The band gaps estimated by extrapolating the
linear region of a plot of the absorbance squared vs energy33 are
2.40, 2.43, 2.48, and 2.33 eV for ms-BiVO4 (pH 0.59), ms-
BiVO4 (pH 6.47), ms-BiVO4 (pH 7.81), and ms-BiVO4 (pH
9.76), respectively. These results were similar to the previous
reports34,35 and indicated the electronic structure of BiVO4 was
changed as the crystalline phase changed.

3.4. Photocatalytic Activity for Rhodamine B (RhB)
Degradation. The photocatalytic activities of the BiVO4
prepared at different pH values were evaluated through RhB
degradation under UV light and simulated sunlight. Figure 5
displayed the temporal evolution of the spectral changes during
the photodegradation of RhB over BiVO4 (pH 1.21) under UV-
light illumination. From the spectra, it could be seen that, with
the prolongation of the irradiation time, the absorbance of RhB

Figure 4. UV-vis diffuse reflectance absorption spectra of BiVO4
powders prepared via the microwave hydrothermal method at different
pH values.

Figure 5. Time-dependent UV-vis absorption spectra of the RhB
solution in the presence of BiVO4 powders prepared at pH 1.21.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am401019m | ACS Appl. Mater. Interfaces 2013, 5, 5186−51935190



at the maximum absorption wavelength (553 nm) was gradually
decreased, which was because the chromophoric structure of
the dye was destroyed. In addition, the major absorption band
shifts from 553 nm to 495 nm, indicating the de-ethylation of
RhB molecules.30 After 2 h of UV-light irradiation, the
degradation rate of RhB solution could reach 97%, indicating
that most of the RhB has been degraded.
Figure 6 showed the photocatalytic performance (C/C0)

versus UV-light irradiation time of the as-fabricated BiVO4

powders for RhB degradation in an aqueous solution. For
comparison, direct photolysis of dye solution was performed
under the same conditions without photocatalysts. According
to the degradation rate of RhB, within 2 h of UV-light
irradiation, it could be seen that the catalytic activity order of
the different photocatalysts was as follows: BiVO4 (pH 0.70,
1.21, 0.88, mixed phase) > BiVO4 (pH 0.59, 4.26, 5.18, 6.47,
7.81, 8.48, 9.76, monoclinic phase) > BiVO4 (pH 2.55,
tetragonal phase) > BiVO4 (pH 3.65, 10.44, mixed phase).
Three mixed-phase-structure powders (pH 0.70, 1.21, 0.88)
exhibited the highest UV-light photocatalytic activity among all
samples, and the degradation rates of the powders, relative to
the RhB solution, were all >97%. Under the same conditions,
the ms-BiVO4 showed lower UV-light activity, compared to the
mixed-phase BiVO4 (pH 0.70, 1.21, 0.88), and more than 50%
of the RhB could be degraded. However, the photocatalytic
efficiency of tz-BiVO4 (pH 2.55) and mixed-phase structure
powders (pH 3.65, 10.44) was obviously lower than that of
other samples. Many studies have proved that the photo-
catalytic activity of BiVO4 have a close relationship to the
crystal structure.36,37 Our study found that the mixed-phase
BiVO4 (pH 0.70, 1.21, 0.88) showed higher photocatalytic

efficiency under UV light than that of ms-BiVO4, tz-BiVO4, and
mixed-phase-structure powders (pH 3.65, 10.44). This was
because BiVO4 co-existing with two different crystal structures
was similar to the semi-conductor coupling. For tz-BiVO4, with
a band-gap energy of 2.9 eV,6 its valence band (VB) and
conduction band (CB) were formed by O2p and V3d orbits,
respectively. As for ms-BiVO4, its CB was formed by V3d orbits
and its VB was composed of not only O2p but also Bi6s (namely,
a hybrid orbital of O2p and Bi6s). The presence of Bi6s in the top
of the VB resulted in a more-negative energy level of the VB
and then a decrease in the band gap.26 Under the UV-light
irradiation, the electrons in the VBs of tz-BiVO4 and ms-BiVO4

could be excited to their conduction bands. The difference of
band position between tz-BiVO4 and ms-BiVO4

38 increased the
separating efficiency of the electrons and holes, to prolong the
lifespan of the electrons and holes and to restrict the
recombination of the charge carriers. However, the amount of
tz-BiVO4 in mixed-phase powders was critical for the
performance. Since the photocatalytic activity of tz-BiVO4

was lower than that of ms-BiVO4, too much tz-BiVO4 existing
in the mixed-phase powders would result in a decrease in
photocatalytic efficiency. This was the main reason for the tz-
BiVO4 and mixed-phase-structure powders (pH 3.65, 10.44)
exhibited lower photocatalytic efficiency than other samples. In
addition, much research has shown that the surface area of a
photocatalyst is an important factor that influences its
photocatalytic performance.32,39As can be seen from Table S1
in the Supporting Information, although the mixed phase
BiVO4 (pH 0.70, 1.21, 0.88) possessed much lower surface
areas (0.54−0.91 m2/g) than other samples, except for ms-
BiVO4 (pH 0.59), they exhibited much higher photocatalytic

Figure 6. Photocatalytic degradation ratio of RhB versus UV-light irradiation time, using various photocatalysts.

Figure 7. Photocatalytic degradation ratio of RhB versus simulated sunlight irradiation time, using various photocatalysts.
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activities than others. These results indicated that the surface
area did not significantly influence the activities of the BiVO4

samples under UV-light irradiation.
Figure 7 shows degradation rate−time curves of RhB

solution with BiVO4 powders as catalysts under simulated
sunlight irradiation. Based on the degradation rate of RhB
within 5 h simulated sunlight irradiation, the catalytic activity
order of the various catalyst samples could be obtained as
follows: BiVO4 (pH 0.59, 4.26, 5.18, 6.47, 7.81, 8.48, 9.76,
monoclinic phase) > BiVO4 (pH 0.70, 0.88, 1.21, 3.65, 10.44,
mixed phase) > BiVO4 (pH 2.55, tetragonal phase). As
mentioned in the Introduction, tz-BiVO4 with a 2.9 eV band
gap mainly possessed a UV absorption band, while ms-BiVO4

with a 2.4 eV band gap had both a visible-light absorption band
and a UV absorption band.13 Under the simulated sunlight
irradiation, ms-BiVO4 could absorb visible light and generate
photoelectrons and holes to participate the oxidation−
reduction reaction. However, the photocatalytic process over
tz-BiVO4 could only be activated by UV light, which was less in
the simulated sunlight, so the photocatalysis of tz-BiVO4 could
be negligible.16 As a result, the degradation rates of RhB
decreased as the tz-BiVO4 content increased under the
simulated sunlight irradiation. In addition, although the
prepared powders were all ms-BiVO4 powders at pH 0.59
and in the pH range of 4.26−9.76, respectively, their
photocatalysis activities under simulated sunlight were very
different, which was due to the differences of their special
morphologies and the specific surface areas. At pH 9.76, the
aggregation of the bigger size crystals was very serious. The
specific surface area of the powders was estimated to be 1.29
m2/g, as shown in Table S1 in the Supporting Information. At
pH 0.59, the grain size of the prepared powders was bigger and
the surface was smooth. The specific surface area of the
powders was only 0.16 m2/g. At pH = 4.26−7.81, the crystals
showed irregular rodlike or dendritic morphologies. The size of
the crystal particles was much smaller than others. The specific
surface area of the powders were in the range of 4.20−5.76 m2/
g, which were much higher than those of ms-BiVO4 (pH 0.59)
and ms-BiVO4 (pH 9.76). These results revealed that, under
simulated sunlight irradiation, the photocatalytic activity of ms-
BiVO4 was not only related to the crystal types, but greatly to
its morphology, size, and specific surface area.
Figure 8 was the relationship between the hierarchical

structures and photocatalytic performance of BiVO4 prepared

via the microwave hydrothermal method in different pH
regions. The amount of the ms-BiVO4 was calculated by

η =
+

I

I Imono
mono(121)

mono(121) tetra(200)

among which ηmono, Imono(121), and Itetra(200) represented the
amount of the monoclinic phase, the relative intensity of (121)
diffraction peak for the monoclinic phase, and that of the (200)
peak for the tetragonal phase, respectively.40 At pH ≤0.59 in
the precursor solution, ηmono = 100%. The powders were all ms-
BiVO4. The degradation rate of RhB after 2 h of UV-light
irradiation was 50%. The degradation rate of RhB after 5 h of
simulated sunlight irradiation was 35%. Within pH = 0.59−
2.55, the amount of ms-BiVO4 was gradually decreased as the
pH values increased, but the trend of the photocatalytic
activities under UV-light irradiation differs from that under
simulated sunlight irradiation. Under simulated sunlight
irradiation, the degradation rates of RhB were directly
proportional to the amount of ms-BiVO4. Under UV-light
irradiation, the mixed phase BiVO4 (pH 0.70, 1.21, 0.88) (ηmono

= 31.64%−80.89%) showed much higher photocatalytic
activities than that of tz-BiVO4 and mixed-phase-structure
powders (pH 3.65, 10.44) (ηmono = 13.59%, 13.28%). At pH =
4.26−9.76, the as-prepared powders were all ms-BiVO4. At pH
7.81, the as-prepared powder showed the best photocatalytic
activity under the simulated sunlight irradiation in this work.
The degradation rate of RhB after 5 h of simulated sunlight
irradiation was 54%. At pH ≥9.76, the amount of ms-BiVO4

was obviously decreased and then the photocatalytic activity
also was decreased.

4. CONCLUSION

In summary, BiVO4 powders with the hierarchical structures
have been prepared via the microwave hydrothermal method,
and their photocatalytic activities were investigated. It is found
that the BiVO4 with different crystal phases and morphologies
can be prepared by varying the pH values of the precursors.
The octahedron and decahedron monoclinic scheelite structure
(ms-BiVO4) can be synthesized at pH 0.59. Spherical and
polyhedral BiVO4 possessing a mixed phase of tetragonal and
monoclinic phases can be prepared at pH = 0.70−1.21, which
was able to completely degrade the Rhodamine B (RhB) after 2
h of UV-light irradiation. At pH 2.55, the tetragonal zircon
structure (tz-BiVO4) crystals with a ball morphology are
obtained. At pH 3.65, the tetragonal phase is transformed to the
monoclinic phase and the dendritic monoclinic crystal dozens
of nanometers in size appears. At pH = 4.26−9.76, the
synthesized BiVO4 powders are pure monoclinic phase. The
crystal morphology is irregular rodlike or dendritic and finally
evolves into a fish-rib-like structure. At pH 7.81, the ms-BiVO4

with high specific surface area (5.16 m2/g) exhibits the best
visible-light photocatalytic activity, indicating that visible-light
photocatalytic activity of BiVO4 is not only related to the crystal
structure, but greatly to its morphology and specific surface
area. At pH >9.76, the prepared powders are the mixed phase
BiVO4, and Bi2VO5.5, Bi7VO13, Bi2O3, and Bi2O2.75 crystal
phases. The photocatalytic activities of the powders begin to
decrease.

Figure 8. Relationship between the hierarchical structures and
photocatalytic performance of BiVO4 prepared in different pH regions.
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