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Abstract

Porous peanut-like BiVO, and BiVO4/Fe;04 submicron structures were synthesized by a template-free hydrothermal process at 160 °C for
24 h. The as-synthesized samples were characterized by X-ray powder diffraction (XRD), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), vibrating sample magnetometer (VSM) and UV-vis spectroscopy. The
photocatalytic activity of BiVO, and BiVO4/Fe;0,4 submicron structures were evaluated for the degradation of Rhodamine B (RhB) and
methylene blue (MB) under visible light irradiation with and without the assistance of H>O,. According to the experimental results obtained,
porous peanut-like BiVO4/Fe;O, composite photocatalyst shows higher photocatalytic activity in the H,O,-assisted system under visible light
irradiation compared to BiVO,. Recycling test on the BiVO4/Fe;0,4 composite photocatalyst for the degradation of RhB under visible light
irradiation indicates that the composite photocatalyst is stable in the H,O,-assisted system in five cycles. Therefore, this composite photocatalyst

will be beneficial for efficient degradation of organic pollutants present in water and air under solar light.

© 2013 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction

Water pollution has become one of the challenging envir-
onmental issues. Particularly, wastewater generated from
various chemical industries has high concentration of organic
compounds that are extremely toxic, carcinogenic and stable in
nature. Since the photoinduced decomposition of water on
TiO, electrode was reported, the photodegradation of organic
water pollutants over semiconductor-based photocatalysts has
attracted extensive research interest in the past twenty years
[1-3]. Photocatalysis characterized by the generation of *OH
radicals and other oxidative radicals involving in photocatalytic
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reactions is considered to be one of the most promising
technologies for water purification. In addition, TiO, shows
good disinfecting activity against a broad spectrum of micro-
organisms [4]. However, its low quantum yield and absorbance
of near UV region (4 <400 nm) limit its practical application.
Therefore, the development of new, highly efficient visible
light-responsive photocatalysts is important from the viewpoint
of using solar energy to degrade organic pollutants.

Bismuth vanadate (BiVO,) is considered as an important
semiconductor because of its application as gas sensors, solid-
state electrolytes, and positive electrode materials for rechargeable
lithium-ion batteries [5-8]. Recently, BiVO, has been intensively
studied for the photocatalytic evolution of O, and photodegradation
of organic pollutants under visible light irradiation [9-12]. BiVO,
is a layer-structured compound with three polymorphs: monoclinic
scheelite, tetragonal zircon, and tetragonal scheelite [13]. As it is
known, that the photocatalytic property of a material strongly
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depends on the crystal and band structures [14]. BiVO, with
monoclinic structure shows higher photocatalytic activity due to its
relatively narrow band gap of 2.4 eV compared to BiVO, with
tetragonal structure (3.1 eV) [15,16]. In addition to its crystal and
band structures, the microstructure of BiVO, is also important
factor for enhanced photocatalytic activity. Hence, monoclinic
BiVO, with different morphologies, such as nanospheres, nano-
plates, nanosheets, nanotubes, mesoporous and hierarchical nanos-
tructures, was synthesized by a surfactant-assisted hydrothermal
method [17-23]. These particular nano- and microstructures of
BiVO, demonstrate higher photocatalytic activity because of their
high surface areas and specific structures.

Magnetite (Fe;O,) has been widely used in different
applications, such as electronic devices, magnetic storage,
sorption and biomedicine [24-26]. Particularly, it has shown
good photocatalytic activity for the degradation of organic
compounds, and it can be easily separated by magnetic
separation. Magnetic separation is a very convenient approach
that allows separating and recycling magnetic particles/com-
posites after photodegradation reactions. So far, a number of
composite photocatalysts containing magnetite have been synthe-
sized, such as TiO,/Fe;0,, Fe;0,/C/CdS, Bi,Os/Fe;04, WO/
Fe;0,4, Fe;0,@C@Cu,0, etc. [27-31]. As mentioned above,
these composite photocatalysts not only possess enhanced visible
light photocatalytic activity, but also good recyclability.

We report on the synthesis of porous peanut-like BiVO, and
BiVO4/Fe;0,4 submicron structures by hydrothermal method.
The photocatalytic activity of BiVO, and BiVO4/Fe;0, sub-
micron structures are evaluated for the degradation of Rhoda-
mine B (RhB) and methylene blue (MB) under visible light
irradiation with and without the assistance of H,O».

2. Experimental
2.1. Synthesis of Fe;0, nanoparticles

Fe;0,4 nanoparticles were synthesized by a chemical pre-
cipitation method at room temperature. First, 200 mL of
deionized water was poured into a bottom round flask and
deoxygenated by bubbling N, gas for 30 min, and then 50 mL of
NH4CI (Sinopharm Chemical Reagent Beijing Co. Ltd., China)
was slowly added under mechanical agitation. Afterward, 20 mL
of FeCl, (0.02M) and 40 mL of FeCl; (0.02 M) (Sinopharm
Chemical Reagent Beijing Co. Ltd., China) were introduced.
A black-colored precipitate was immediately formed after mechan-
ical agitation for 10 min. The precipitate was collected by centri-
fugation, washed with deionized water several times, and dried at
60 °C for 6 h.

2.2. Synthesis of BiVO, and BiVO/Fe;0, submicron
structures

To obtain porous peanut-like BiVO, submicron structures,
2 mmol of Bi(NOs3);-5H,O (Sinopharm Chemical Reagent
Beijing Co. Ltd., China) was dissolved in 10 mL of ethylene

glycol (Sinopharm Chemical Reagent Beijing Co., Ltd., China)
under magnetic stirring for 15 min. After that, 2 mmol of
NH4VO; (Sinopharm Chemical Reagent Beijing Co., Ltd.,
China) was added into the solution under vigorous stirring
followed by the addition of 10 mL of deionized water. After
being well homogenized, the final yellow-colored precursor
was transferred into a 30 mL Teflon-lined stainless steel
autoclave, sealed and maintained at 160 °C for 24 h. The
yellow-colored precipitate formed was separated by centrifu-
gation, washed with deionized water several times and dried at
60 °C for 6 h. Porous peanut-like BiVO,4/Fe;0, submicron
structures were synthesized under the same experimental
conditions with the addition of 10 wt% Fe3;O,4 nanoparticles.
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Fig. 1. XRD patterns of Fe;0, (a), BiVO, (b) and BiVO,/Fe;0, (c) powders

synthesized by chemical precipitation method at room temperature and

hydrothermal method at 160 °C for 24 h, respectively (A). XRD patterns of

Fe;04 (a), BiVO, (b) and BiVO4/Fe;0, (c) powders synthesized by chemical

precipitation method at room temperature and hydrothermal method at 160 °C
for 24 h, respectively, in the range of 20=33-38" (B).
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Fig. 2. TEM (a) and HRTEM (b) images of Fe;0, powders synthesized by chemical precipitation method at room temperature. SEM images of BiVO, (c, d) and
BiVO,/Fe;0, (e, f) powders synthesized by hydrothermal method at 160 °C for 24 h.

2.3. Characterization

The crystalline phases of the samples were identified by
X-ray powder diffraction using a D/Max2550 X-ray diffract-
ometer (Rigaku, Japan) with Cu Ka radiation (1=1.5406 A).
The powder samples were scanned at a scanning rate of 5°/min
in the 20 range of 10-70° at 40kV and 50 mA. The
morphologies of the samples were observed by using a Quanta
200 scanning electron microscope (FEI, The Netherlands)
equipped with energy-dispersive X-ray spectrometer (EDX).
The transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) images
of the samples were taken with a JEM-2100 electron micro-
scope (JEOL, Japan) with an acceleration voltage of 200 kV.
X-ray photoelectron spectroscopy (XPS) analysis was per-
formed on an ESCALAB MKII X-ray photoelectron spectro-
meter (VG Scientific, UK) using Mg Ka radiation. The UV—vis
diffuse reflectance spectra were measured using a Lambda 950
UV-vis-NIR spectrophotometer (Perkin-Elmer, USA) in the

wavelength range of 200-750 nm. The magnetic properties of
the samples were analyzed by using a vibrating sample magn-
etometer (Lake Shore Cryotronics, Inc., USA) at room
temperature.

2.4. Photodegradation experiments

The photodegradation of Rhodamine B (RhB) and methy-
lene blue (MB) over the as-synthesized samples was performed
under visible light irradiation using a 400 W metal halide lamp
with a cutoff filter (4 > 400 nm). The reaction temperature was
maintained at 25 °C by using water in the cooling jacket of the
reactor. The initial concentration of RhB (or MB) was 10 mg/L
and the photocatalyst used was 1.0 g/L.. The suspension was
first sonicated for 10 min and then stirred in the dark for
30 min to ensure adsorption/desorption equilibrium prior to
visible light irradiation. During visible light irradiation, 2 mL
of suspension was taken out at certain time intervals for
subsequent RhB (or MB) concentration analysis. The RhB and
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Fig. 3. EDX spectra of BiVO, (a) and BiVO,/Fe;0,4 (b) powders synthesized
by hydrothermal method at 160 °C for 24 h.

MB concentrations were analyzed by using a U-3010 UV-vis
spectrophotometer (Hitachi, Japan).

3. Results and discussion

Fig. 1A (a) shows the XRD pattern of the Fe;O, powders
synthesized by a simple chemical precipitation method at room
temperature. All the diffraction peaks in the XRD pattern can
be indexed to cubic Fe;0, (JCPDS card no. 74-0748). No
characteristic peaks corresponding to impurity phases (Fe,O3
and FeOOH) were observed, indicating high purity of the as-
synthesized Fe;O,4 powders. The crystallite size of the Fe;O,
powders estimated using Scherrer's formula is about 10 nm.
The XRD patterns of the BiVO, and BiVO,/Fe;0, powders
hydrothermally synthesized at 160 °C for 24 h are shown in
Fig. 1A (b) and (c). All the diffraction peaks can be corres-
ponded to monoclinic BiVO, (JCPDS card no.14-0688) with
the space group of 12/a(15). The diffraction peaks with high
intensity indicate high crystallinity of the BiVO, powders.
To confirm the formation of BiVO4/Fe;0,4 composite photo-
catalyst, the XRD patterns shown in Fig. 1A are magnified and
shown in Fig. 1B with 26 range of 33-38°. A diffraction peak
belonging to the Fe;0,4 phase is found at 20=35.6° with low
intensity in the XRD pattern of BiVO,/Fe;0, composite
photocatalyst. The XRD pattern of the BiVO, powders does
not have that diffraction peak.

The morphologies of the samples were observed by using
scanning (SEM) and transmission (TEM) electron microscopy
and the results are illustrated in Fig. 2. Fig. 2a and b show the
TEM and HRTEM images of the Fe;0, powders synthesized
by chemical precipitation method at room temperature. Appar-
ently, the Fe;0,4 nanoparticles have nearly a spherical shape
with the average diameter of 5-12 nm (Fig. 2a), which is

Fig. 4. TEM and HRTEM images of BiVO, (a, b) and BiVO,/Fe;0, (c, d) powders synthesized by hydrothermal method at 160 °C for 24 h.
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Fig. 5. XPS survey spectrum (a) and XPS spectra of Bi (b), V (c), O (d) and Fe (e) in the BiVO4/Fe;04 composite photocatalyst synthesized by hydrothermal

method at 160 °C for 24 h.

consistent with the crystallite size of the sample estimated
using the Scherrer's formula. The HRTEM image shown in
Fig. 2b confirms that each Fe;O, nanoparticle has a single-
crystal nature. Fig. 2c represents SEM micrograph of the
BiVO, powders synthesized by hydrothermal method at
160 °C for 24 h. It is visible that the BiVO, powders are
composed of large-scale peanut-like structures with the lengths
of 500-800 nm and the widths of 300-500 nm. A magnified
SEM micrograph in Fig. 2d shows that each peanut-like
submicron structure is composed of a large number of nano-
particles and has a porous structure. The SEM micrograph

shown in Fig. 2e confirms that the BiVO4/Fe;O,4 composite
photocatalyst has peanut-like submicron structures. Similar to
BiVO,, each peanut-like submicron structure of BiVO4/Fe;0,
composite photocatalyst having a porous structure is composed
of tiny nanoparticles (Fig. 2f). The elemental compositions of
the BiVO, and BiVO,/Fe;0, powders were analyzed by an
energy dispersive X-ray spectroscopy (EDX). As indicated in
the EDX spectra, bismuth, vanadium and oxygen are present in
BiVO, powders (Fig. 3a), whereas bismuth, vanadium, oxygen
and iron are noted for BiVO4/Fe;0, composite photocatalyst
(Fig. 3b).
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Fig. 6. M—-H curves of Fe;0, (a) and BiVO4/Fe;0, (b) powders synthesized

by chemical precipitation method at room temperature and hydrothermal
method at 160 °C for 24 h, respectively.

To further investigate the crystal structures of BiVO, and
BiVO,4/Fe;0, powders, the samples were observed by TEM.
Fig. 4 shows the TEM and HRTEM images of the BiVO, and
BiVO,/Fe;0, powders synthesized by hydrothermal method at
160 °C for 24 h. Fig. 4a shows the TEM image of BiVOy,
powders, evidencing that the self-assembly of nanoparticles
with size of about 5-10 nm led to the formation of porous
peanut-like BiVO, submicron structures. The HRTEM image in
Fig. 4b indicates that the BiVO, nanoparticles formed have a
single-crystal nature. The lattice fringes of 0.255 nm observed
on single crystallite agree with the (001) lattice plane of BiVOy.
Fig. 4c shows the TEM image of the BiVO,/Fe;0, submicron
structures. As can be seen, peanut-like submicron structures
with porous structure are composed of nanoparticles. The
HRTEM image in Fig. 4d indicates two different lattice fringes
of 0.255 nm and 0.240 nm observed on composite photocatalyst
which are consistent with the (0 0 1) lattice plane of BiVO, and
(311) lattice plane of Fe;0O,, respectively.

To elucidate the elemental compositions and chemical states
of Bi, V and Fe in BiVO,/Fe;O, composite photocatalyst,
X-ray photoelectron spectroscopy (XPS) analysis was performed.
The binding energy of 284.6eV for C (ls) was used as a
reference. Fig. 5a shows XPS survey spectrum of BiVO,/Fe;0,
composite photocatalyst that clearly shows the binding energies
for Bi (4s), Bi (4f), Bi (4d), Bi (5d), Fe (2p), V (2p), O (1s), and
C (1s). Fig. 5b—e shows XPS spectra of Bi (b), V (c), O (d) and
Fe (e) in BiVO,/Fe;04 composite photocatalyst. As shown in
Fig. 5b and d, the binding energies of Bi 4f;,, Bi 4f5, and O 1s
are 159.0, 164.0 and 528.0 eV, respectively. The V 2p orbital has
two binding energies of 525.0 eV and 517 eV for V 2p,, and V
2psp, respectively (Fig. 5d). Fig. 5e shows two bands with
binding energies of 710.3 eV and 723.9 eV that can be assigned
to Fe 2p;,, and Fe 2p, », respectively. Both bands are consisted of
Fe* (FeO) and Fe’* (Fe,0;) peaks and are typical characteristics
of Fe304 [27,32]. The obtained results confirm the formation
of BiVO,/Fe;0, composite photocatalyst.
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Fig. 7. UV-vis diffuse reflectance spectra of BiVO, (a) and BiVO4/Fe;0, (b)
powders synthesized by hydrothermal method at 160 °C for 24 h.

The magnetic properties of Fe;O4 and BiVO,/Fe;0, powders
were analyzed using a vibrating sample magnetometer (VSM) at
room temperature. As shown in Fig. 6, the coercivity of both
samples is almost negligible at 300 K, indicating that Fe;O4 and
BiVO,/Fe;0, powders are superparamagnetic at room temperature.
The saturation magnetization of Fe;O, nanoparticles is about
64 emu g~ (curve a), whereas the saturation magnetization of
BiVO,/Fe;04 composite photocatalyst is about 15 emu g~ (curve
b). Strong magnetization of BiVO,/Fe;0, composite photocatalyst
indicates that it can be easily separated from solution after photod-
egradation experiment by applying an external magnetic field.

Fig. 7 shows the UV—-vis diffuse reflectance spectra of BiVO,
and BiVO,/Fe;0,4 powders. As can be noted, both samples have
strong visible light absorption. By comparing these UV-vis
diffuse reflectance spectra, a red shift is observed for the BiVO,/
Fe;0, composite photocatalyst. This might be resulted from the
presence of Fe;04 nanoparticles in the BiVO,/Fe;0, composite
photocatalyst. According to the results shown, the BiVO,4/Fe;0,
composite photocatalyst has become effective for the degrada-
tion of organic pollutants under visible light irradiation.

The photocatalytic activity of Fe;04, BiVO,4 and BiVO,/
Fe;0, powders was evaluated by the degradation of RhB
under visible light irradiation (4> 400 nm) at room tempera-
ture. The temporal changes in the concentration of RhB were
monitored by examining the variation in maximal absorption
of UV-vis spectra at 554 nm. Fig. 8a shows photocatalytic
performance (C/Cy) of Fe;04, BiVO, and BiVO,/Fe;0,
powders for the degradation of RhB with and without the
assistance of H,O, versus visible light irradiation time. For
comparison purposes, we additionally performed experiments
for direct photolysis of RhB (blank experiment) without
photocatalyst under the same experimental conditions with
0.1 mL of H,O,. Apparently, a blank experiment in the absence
of photocatalyst showed no obvious change in RhB concentration
within 100 min under visible light irradiation. The photodegrada-
tion of RhB over Fe;O,4 and BiVO, powders under visible light
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irradiation is low, that is, about 16% and 40% in 100 min,
respectively. Interestingly, BiVO, showed relatively low photo-
catalytic activity for the degradation of RhB although it has
strong visible light absorbance (Fig. 7). Hence, the photocatalytic
activity of BiVO, could be improved with the incorporation of
Fe;0,4. The total photodegradation of RhB over BiVO,/Fe;04
composite photocatalyst was about 60%. The reason is that the
migration of electron—hole pairs in BiVOy catalyst is limited. So,
the photodegradation of RhB over BiVO, powders needs
relatively longer irradiation time. Similar results were previously
reported for BiVO, powders [15,16]. After the incorporation of
Fe;0,4 nanoparticles, the BiVO4/Fe;0,4 composite photocatalyst
became more effective in absorbing visible light (Fig. 7), leading
to enhanced photocatalytic activity for the degradation of organic
dyes under visible light irradiation. Furthermore, coupling
narrow-band-gap semiconductors with wide-band-gap semicon-
ductors not only enhances optical absorption ability but also
facilitates the separation of the photogenerated carriers under
internal field induced by the different electronic band structures
[33,34]. Therefore, the composite photocatalyst containing BiVO,
(Eg=2.4 eV) and Fe;0, (E,=0.1 V) shows higher photocatalytic
activity than single ones under visible light irradiation. It is worth
to note that the photocatalytic activity of Fe;O,, BiVO, and
BiVO4/Fe;0, powders was significantly improved by introducing
H,0, into the RhB aqueous solution. The total photodegradation
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of RhB over Fe;0,4, BiVO, and BiVO,/Fe;0, powders was up to
50%, 85% and 99%, respectively, with the assistance of H,0,.
The UV-vis spectra of RhB solution after different visible light
irradiation times over BiVO4/Fe;O, photocatalyst composite with
the assistance of H,O, are plotted in Fig. 8b. It is clear that the
absorption peak at 554 nm decreases dramatically as visible light
irradiation time increases and nearly disappears within 100 min.

Methylene blue (MB) was also chosen to investigate the
photocatalytic activity of Fe;O4, BiVO4 and BiVO,4/Fe;0,
composite photocatalyst. Fig. 8c shows photocatalytic perfor-
mance (C/Cyp) of Fe;04, BiVO,4 and BiVO4/Fe;0, powders for
the degradation of MB with and without the assistance of H,O,
versus visible light irradiation time. For comparison purposes,
we additionally performed experiments for direct photolysis of
MB (blank experiment) without photocatalyst under the same
experimental conditions with 0.1 mL of H,O,. Apparently,
blank experiments with and without the assistance of H,O,
showed negligible changes in MB concentration (5.1% and
9.2%) within 140 min under visible light irradiation. The
BiVO4/Fe;0,4 composite photocatalyst shows good photocata-
lytic activity than Fe;O, and BiVO, for the photodegradation
of MB. The total photodegradation of MB over BiVO4/Fe;0,
sample without the assistance of H,O, in the reaction solution
was 75% under visible light irradiation for 120 min. Never-
theless, the photocatalytic activity of Fe3O4, BiVO, and
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Fig. 8. The photocatalytic performance (C/Cy) of Fe30,4, BiVO,4 and BiVO,/Fe;0, for the degradation of RhB and MB with and without H,O, versus visible light
irradiation time (a, c). The temporal evolution of the spectra of RhB and MB solutions in the presence of BiVO,/Fe;O0, composite photocatalysts under visible light

irradiation with the addition of H,O, (b, d).
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BiVO4/Fe;0, composite photocatalyst was considerably
improved by introducing H,O, into the MB aqueous solution.
The total photodegradation of MB over Fe;O4, BiVO, and
BiVO4/Fe;0,4 powders reached 50%, 86% and 98%, respec-
tively, in the presence of H,O, under visible light irradiation
for 120 min. The UV-vis spectra of MB solution after different
visible light irradiation times over BiVO,/Fe;0, photocatalyst
composite with the assistance of H,O, are plotted in Fig. 8d. It
is clear that the absorption peak at 653 nm decreases drama-
tically as visible light irradiation time increases and nearly
disappears within 120 min.

H,0, is widely used in photocatalytic processes of waste-
water treatment. As an environmentally benign oxidant, H,O,
can provide hydroxyl radicals (¢OH) to advanced oxidation
processes, such as O3/H,O,, UV/H,0O,, and photo-Fenton
processes [34-37]. In recent years, several studies have shown
that H,O, can enhance the photodegradation of organic dyes
under visible light irradiation [37-40]. Therefore, the follow-
ing possible photocatalytic reactions may take place in the
Fe;04/BiVO4/H,0, system under visible light irradiation:

BiVO,+hv—>h"+e” (D
Fe;0,+hv—>h"+4e” (2)
H,0,+¢™ - HO +0OH"™ 3)
RhB (or MB)+HO" — degradation products 4

RhB (or MB)+h* — degradation products ®))

To study the photostability of BiVO4/Fe;O, composite
photocatalyst during photocatalytic reactions under visible
light irradiation, the sample was collected, dried and reused
in five successive photocatalytic experiments. Fig. 9a shows
the results of five successive runs for the photodegradation of
RhB over BiVO,/Fe;0, composite photocatalyst under the
same experimental conditions: pH, initial RhB concentration
and ionic strength. As can be seen in Fig. 9a, the BiVO4/Fe;0,
composite photocatalyst retains its high photocatalytic activity
(>98%) in five successive runs, each of which lasted for
80 min. More importantly, the crystal structure (Fig. 9b) and
morphology (Fig. 9¢) of BiVO,/Fe;0, composite photocata-
lyst remained unchanged even after five successive runs,
indicating high stability of composite photocatalyst under
visible light irradiation. We believe that the magnetic property
of BiVO,/Fe;0, composite photocatalyst was essential for
efficient recycling of the composite photocatalyst in liquid-
phase reactions. As an example, shown in the inset of Fig. 9b,
when the BiVO4/Fe;0,4 composite photocatalyst was dispersed
in water, the suspension turned into a black color. By applying
an external magnetic field, the black particles suspended in the
solution were readily harvested within 30 s and the solution
became transparent.
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4. Conclusions

Porous peanut-like BiVO, and BiVO,4/Fe;0, composite photo-
catalyst with submicron structures were synthesized by a
template-free hydrothermal method and their photocatalytic
activity was evaluated for the degradation of RhB and MB under
visible light irradiation with and without H,O,. The obtained
results demonstrated that porous peanut-like BiVO,/Fe;04 com-
posite photocatalyst showed higher photocatalytic activity in the
H,0,-assisted system under visible light irradiation compared to
BiVO,. Recycling test on the BiVO4/Fe;04 composite photo-
catalyst for the degradation of RhB under visible light irradiation
showed that the composite photocatalyst was stable in the H,O,-
assisted system in five cycles. Therefore, this composite photo-
catalyst will be beneficial for the degradation of organic pollutants
present in water and air under solar light.
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