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Abstract

Decahedral BiVO, was successfully synthesized with Tween-80 as a template by the microwave hydrothermal method. The effects of
hydrothermal temperature and Tween-80 on crystal phase and morphology of the obtained BiVO, were investigated. The crystal phase
and morphology were characterized by X-ray diffraction, field emission scanning electron microscopy and UV-vis diffuse reflectance
spectroscopy. The results indicated that the as-prepared decahedral BiVO, was monoclinic. The photocatalytic behavior for methylene
blue (MB) degradation was enhanced with the assistance of an appropriate amount of hydrogen peroxide (H,O,) under visible light
irradiation. The photocatalytic tests indicated that the photocatalytic efficiency of decahedral BiVO, synthesized at 180 °C was 63.5%.
However, BiVO, sample synthesized at 160 °C showed the highest photocatalytic degradation rate, up to 81.6%, due to its small size and

crystal defects.
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1. Introduction

Since different morphologies of inorganic materials were
synthesized by controlling the parameters, for instance,
crystal form, size, dimensionality, etc., more and more
attention has been attracted to the control of morphologies
due to the properties being impacted by them. Fabricating
complex architectures, especially the highly ordered three-
dimensional (3D) superstructures, opens new possibilities
to give some insight into the design of functional materials
with new properties, such as the flower-like and dendritic
BiVO, mesocrystal [1], the durian-like and octahedral
Fe;04 [2] and the nut-like ZnO microcrystal [3].

As an important non-titania based visible-light-driven
semiconductor photocatalyst, BiVO,4 has become a focus
recently because of its unique properties such as ferroelas-
ticity [4], ionic conductivity [5], photocatalytic activities for
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water splitting [6-9] and degradation of harmful pollutants
[10-13]. The investigation results indicate that the photo-
catalytic behavior of BiVOy strongly depends on its crystal
form [14—-17] and morphology [18-20]. Until now, various
morphologies of BiVO, have been synthesized with the
assistance of inorganic or organic additives. For instance,
Zhou et al. [21] reported that BiVO4 sample with a high
photocatalytic behavior was obtained through K,SO, as
an inorganic additive, and the control of BiVO, morphol-
ogy was achieved in the Bi(NOj);-5H,0/V,05/K,>SOy4
hydrothermal system. Moreover, Yang et al. [22] reported
that the monoclinic BiVO,4 samples of spheres and uniform
decahedrons were synthesized in the presence of SDS by
tailoring the hydrothermal temperature, and the decahe-
dral BiVO,4 had the highest initial photocatalytic reaction
rate of O, evolution.

Herein, decahedral BiVO,4 was synthesized with Tween-80
as the template using the facile microwave hydrothermal
method. The effects of hydrothermal temperature and
Tween-80 on crystal phase and morphology of the obtained
BiVO,4 were investigated. Photocatalytic behaviors of BiVOy,
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samples synthesized at different temperatures were evalu-
ated in the presence of hydrogen peroxide (H,O»).

2. Experimental
2.1. Synthesis of decahedral BiVO,

Decahedral BiVO, was synthesized with the assistance
of Tween-80 in microwave hydrothermal conditions. In a
typical synthesis, Bi(NO3); - 5 H,O (5 mmol) and NH4,VO;
(5 mmol) were dissolved in 25 mL of HNOj and 10 mL of
NaOH with magnetic stirring, separately. Subsequently,
these two solutions were mixed together and stirred for
30 min to get a stable mixture. After sedimentation, the
supernatant was removed. 30 mL of Tween-80 was added
into the above yellow precipitate and stirred for 30 min
continuously. Then the mixture was transferred into a
100 mL Teflon-lined autoclave, maintained at 180 °C for
3 h, and naturally cooled down to room temperature.
The precipitate was collected by centrifugation, washed
with distilled water and ethanol for several times, and then
dried in vacuum at 60 °C for 12 h. To investigate the effect
of hydrothermal temperature on the crystal phase and
morphology, temperatures were changed from 120 °C to
140 °C, 160 °C and 180 °C.

2.2. Characterization

The as-prepared samples were characterized by X-ray
powder diffraction (XRD) with a Rigaku D/max 2200
X-ray diffractometer with a high-intensity Cu Ko radiation
(4=0.15418 nm). The SEM images were taken on a field
emission scanning electron microscope (JSM-6700F, JEOL
Japan). Absorption spectrum was measured on a UV-vis
spectrophotometer (UV-2550) in the wavelength range of
250-800 nm.

2.3. Photocatalytic test

Photocatalytic behaviors of the BiVO, samples were
evaluated by photocatalytic degradation of methylene blue
(MB) dye with the assistance of hydrogen peroxide (H,O,)
under visible light irradiation. The experiments were per-
formed in a BL-GHX-V multifunctional photochemical
reactor (Shanghai Bilon Experiments Equipment Co.,
Ltd., Shanghai, China) with eight text tubes. And the
irradiation was provided by a 500 W Xe lamp. In each
experiment, 0.1 g of photocatalyst was added into 30 mL of
MB solution (5 mg/L). Before irradiation, the photocatalyst
was homogeneously dispersed in MB solution by ultrasonic
bath for 20 min, then 0.1 mL of H,O, (30%, w/w) was
added into the solution. At once, the solution was magne-
tically stirred in darkness for 30 min to reach absorption/
desorption equilibrium, and exposed to visible light irradia-
tion. The concentration of the MB solution was monitored
by measuring its absorbance at 664 nm during the degrada-
tion process via a UV-vis spectrophotometer (UV-7225s).

3. Results and discussion
3.1. XRD analysis of the BiVO, samples

The crystal phases of BiVO, samples were confirmed
using the X-ray powder diffraction method. Fig. 1 shows
the XRD patterns of the BiVO,; samples synthesized
at different hydrothermal temperatures for 3 h. It was found
that tetragonal BiVO, (JCPDS no. 14-0133) formed after
the hydrothermal reaction at 120 °C for 3 h. For the sample
synthesized at 140 °C (Fig. 1b), the peak of monoclinic
BiVO, was detected along with the peaks of tetragonal
BiVO,, which signified that this sample was a mixture of
tetragonal and monoclinic BiVO,4. As the hydrothermal
temperature increased to 160 °C, none of the peaks corre-
sponding to tetragonal BiVO, were detected and all the
diffraction peaks could be indexed to a pure monoclinic
BiVO, which was in conformity to the standard card
(JCPDS no. 14-0688, space group: I2/a, unit cell para-
meters: a=5.195A, b=11.701 A, ¢=5.092 A). Compared
with the tetragonal phase, the monoclinic BiVO,4 had a
different crystal structure in which the Bi—O polyhedron was
more distorted by a 6s*> lone pair electron of Bi** [23].
As shown in Fig. Ic and inset, the peak at 26 near 19°
showed the characteristic split of the monoclinic scheelite
phase, demonstrating that a transformation from tetragonal
to monoclinic phase had taken place. With the hydrother-
mal temperature going up to 180 °C, the XRD pattern
(Fig. 1d) of the sample was nearly the same as that of the
sample (160 °C) except that the intensity was slightly
increased. All these results demonstrated that temperature
of 160 °C was sufficient for the formation of monoclinic
BiVO, sample.

3.2. SEM images of BiVO, samples
To investigate the influence of hydrothermal temperature on

the morphology of decahedral BiVOy, a series of experiments
were carried out by varying the hydrothermal temperatures
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Fig. 1. XRD patterns of the as-prepared samples synthesized at different
hydrothermal temperatures for 3 h: (a) 120 °C; (b) 140 °C; (c¢) 160 °C; and
(d) 180 °C. Inset: the widened part of the XRD pattern near 19° showing
the characteristic split of the monoclinic scheelite phase.
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from 120 °C to 140 °C, 160 °C and 180 °C. Fig. 2 shows the
FE-SEM images of the as-prepared samples synthesized at
different hydrothermal temperatures for 3 h. When the hydro-
thermal temperatures were 120 °C and 140 °C, the morphol-
ogies of the samples were microspheres with a size of 1-4 pm
(Fig. 2a, b). Their corresponding XRD patterns (Fig. 1a, b)
confirmed that these microspheres were mainly tetragonal.
A further increase to 160 °C, the morphology had a significant
change that the premature decahedral structure appeared
(Fig. 2c, d). Finally, as the hydrothermal temperature was
increased to 180 °C, the sample completely became decahedral
structured, as shown in Fig. 2e. Furthermore, the high-
magnification FE-SEM image (Fig. 2f) showed that the
sample was decahedral. It appeared that the two tops of each
octahedron were chopped off in equal amount. Besides, the
size of BiVO, synthesized at 160 °C was smaller than that of
BiVO, synthesized at 180 °C. It was concluded that the
hydrothermal temperature played a crucial role in controlling
the morphology.

Additionally, Tween-80 played the role of a surfactant in
the decahedral forming process. The surface energy was
decreased by the surfactant molecules adsorbing on the
surface of the BiVO,4 nanoparticles. The facets adsorbed with
Tween-80 became sclective and the growth rate of these
facets was reduced [24]. However, this kind of selective

Fig. 2. FE-SEM images of the as-prepared samples synthesized at
different hydrothermal temperatures for 3 h: (a) 120 °C; (b) 140 °C;
(c, d) 160 °C and (e, f) 180 °C.

adhesion was related to the external conditions, such as the
hydrothermal temperature.

3.3. UV-vis diffuse reflectance absorption spectra of BiVO,
samples

The optical properties of the BiVO, samples were
measured using UV-vis spectroscopy. Fig. 3 shows the
diffuse reflectance spectra of the BiVO, samples synthe-
sized at different temperatures. Compared with samples
(a) and (b), the absorption edges of samples (c) and
(d) extended to nearly 540 nm. Namely, there was a red
shift in the band-gap transition. Based on the equation
ahv=A(hv — Eg)"'* [25], the band gaps of the samples were
estimated to be 2.83eV, 2.80¢eV, 2.35eV, and 2.35¢V,
corresponding to the samples of 120 °C, 140 °C, 160 °C,
and 180 °C, respectively, as shown in Fig. 3.

Such differences may be ascribed to the changes of
crystal phase. The visible-light absorption band with an
absorption edge of 450 nm for tetragonal BiVOy is attrib-
uted to the electron transition from O 2p valence band to
V 3d conduction band, while the electron transition of
monoclinic BiVO,4 with an absorption edge of 540 nm is
supposed to occur from Bi 6s and O 2p hybrid orbitals to
V 3d orbitals. The hybridization of Bi 6s and O 2p levels
makes the valence band largely dispersed, which facilitates
the mobility of photo-excitated holes, leading to an
enhancement of the photocatalytic activity [26].

3.4. Photocatalytic behaviors

The photocatalytic behaviors of the BiVO,; samples
synthesized at different temperatures were evaluated by
photocatalytic decolorization of MB solution in the presence
of H,O, under visible light irradiation. For the samples
synthesized at 160 °C and 180 °C, the absorption spectra of
MB aqueous solution at different intervals were shown in
Fig. 4(A) and (B), respectively. The spectra showed that the
intensity of absorption peaks decreased as the degradation
time increased, indicating that MB was gradually degradated.
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Fig. 3. UV-vis diffuse reflectance spectra of the BiVO, samples synthesized at

different hydrothermal temperatures for 3 h: (a) 120 °C; (b) 140 °C; (c) 160 °C;
and (d) 180 °C.
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Fig. 4. Absorption spectra of MB aqueous solution at different intervals
with the assistance of H,O;: (a) BiVO, synthesized at 160 °C and
(b) BiVO, synthesized at 180 °C.

Furthermore, a blue-shift at A,,,,=0664 nm after 100 min was
observed for the sample synthesized at 180 °C, while this
phenomenon could not be found for the sample synthesized
at 160 °C. Therefore, degradation of MB might take place in
different ways. In Fig. 4(A), the absorption maxima position
of MB did not change significantly, indicating that demethy-
lation was not the main reaction. At the same time, the blue
color of MB disappeared gradually, demonstrating that the
chromophoric structure (> C=N-) of MB was destroyed.
However, the blue-shift in Fig. 4(B) was ascribed to the
demethylation of the aromatic moiety.

The photocatalytic behavior of BiVO, sample synthesized
at 120 °C was not discussed in this section because of its low
photocatalytic activity. Fig. 5 represents degradation of MB
in the presence of different photocatalysts under visible light
irradiation. It was found that the percentage of MB degrada-
tion was low for the pure BiVO, sample, approximately 47%
in 160 min. However, the degradation rate increased signifi-
cantly after 0.1 mL of H,O, was added. Under visible light
irradiation for 160 min, the percentages of MB degradation
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Fig. 5. Degradation of MB in the presence of different photocatalysts
under visible light irradiation: (a) only H,0,; (b) pure BiVO, (180 °C);
(¢) 0.1 mL H,0,+BiVOy, (180 °C); (d) 0.1 mL H,O,+BiVO, (160 °C) and
(e) 0.1 mL H,0,+BiVO, (140 °C).

were 63.5%, 81.6% and 28.7% at 180 °C, 160 °C and 140 °C,
respectively. It should be noted that degradation of MB was
observed only with H,O,, illustrating that there was a
synergic effect between the BiVO, photocatalyst and H>O..

The possible photocatalytic mechanism in the H,O,/
BiVO, system is proposed as follows:

BiVO, S e~ +H* 1)

The electrons are excited from the valence band to the
conduction band by receiving energy from the photons,
and the positively charged holes appeared in the valence
band (Eq. (1)). The photocatalytic activity is closely related
to the efficiency of the photogenerated electron—hole
separation [27]. H,O, as an efficient electron scavenger
can trap photogenerated electron, and the recombination
of electron—hole pairs is restrained (Eq. (2)), so the
photocatalytic activity can be improved greatly.

H,0,+BiVO,(e")—»OH' +OH~ Q)

The OH" generated from the reaction (Eq. (2)) has
strong oxidizing ability and is available to oxidize MB.

In the presence of H,0,, BiVO, samples synthesized at
160 °C and 180 °C exhibited higher photodegradation rate
than that of BiVO,4 sample synthesized at 140 °C due to
their monoclinic crystal phase. It should be noticed that the
crystallinity of BiVOy synthesized at 180 °C was higher than
that of BiVO, synthesized at 160 °C, but the sample
(180 °C) showed worse photocatalytic behavior than that
of the sample (160 °C). It may be attributed to the imperfect
crystal and the small size, resulting in the efficient separation
of the electron—-hole pairs when the hydrothermal tempera-
ture was 160 °C. Moreover, small size allowed efficient
transfer of the electron—hole pairs from inside crystal to
surface. A large surface area not only supplied more active
sites for photocatalytic reaction but also enhanced the
separation efficiency of the electron—hole pairs [28].
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4. Conclusion

Decahedral BiVO,4 was successfully synthesized in the
presence of Tween-80 via the microwave hydrothermal
method. The BiVO, microspheres could be derived from a
relatively low hydrothermal temperature (e.g., < 140 °C)
and the crystal phases were mainly tetragonal phase, while
the premature decahedral BiVO, with pure monoclinic
phase could be obtained at 160 °C, and the monoclinic
decahedral BiVO,4 with a high crystallinity was obtained at
180 °C. In addition, Tween-80 as a morphology-directing
reagent was favorable to the formation of decahedral
BiVO,. Because of their different crystal phases, the
photocatalytic behaviors of BiVO, samples synthesized at
160 °C and 180 °C were better than that of BiVO, sample
synthesized at 140 °C. The sample synthesized at 160 °C
had small size and crystal defects, giving rise to the highest
photocatalytic degradation rate, up to 81.6%.
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