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Abstract

Bismuth ferrite (BiFeO3) nanofibers were prepared by combining the electrospinning technique with sol–gel chemistry. The structural

features of the as-prepared nanofibers were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and

transmission electron microscopy (TEM). The obtained BiFeO3 nanofibers showed a rhombohedral perovskite structure after getting

annealed in an argon atmosphere. Both SEM and TEM results showed that BiFeO3 fibers were composed of nanocrystalline particles.

The photocatalytic behaviors of BiFeO3 nanofibers were investigated by the degradation of Rhodamine B (RhB). BiFeO3 nanofibers

exhibited excellent catalytic activity under UV light irradiation, as well as under visible light irradiation in the presence of H2O2. The

catalyst was further examined by magnetic measurement. The BiFeO3 nanofibers exhibited a ferromagnetic behavior at room

temperature, which was associated with the nanometer-size of BiFeO3 particles. This provides an easy and efficient way to recover

BiFeO3 photocatalysts from the suspension system by applying an external magnetic field.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

With the rapid development of global industrialization,
resource over-exploitation and environmental pollution pro-
blem are getting worse, which lead to severe damage of
ecological balance. In recent years, photocatalytic oxidation
with semiconducting materials is a proposed route for puri-
fication and remediation of polluted water and air [1–4].
Among various semiconducting oxide photocatalysts, tita-
nium oxide (TiO2) has been proven to be the most promising
material due to its high photoreactivity, nontoxicity, strong
oxidizing activity and long-term stability against photocor-
rosion and chemical corrosion [5,6]. However, owing to
the large band-energy gap (3.2 eV for anatase), TiO2

mainly absorbs UV light (which covers only 3–5% of the
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total solar spectrum). This practically eliminates the use of
sunlight as an energy source for photocatalysis. For this
reason, improving photocatalytic activity of TiO2 by mod-
ification has become an extensive research topic among
scientists in the past few years. Doped TiO2 photocatalysts
could be activated by visible light [7–9] but they always display
poor activity and durability because of their limited amount
and easy filtering of dopants. Moreover, introducing carbon-
based materials with conjugated systems (such as carbon
nanotubes, graphene, graphdiyne) into TiO2 photocatalysts
could also extend the adsorption wavelenth range and increase
the photocatalytical activity [10–12]. Therefore, it is of great
interest to develop efficient visible light responsive photocata-
lysts to extend absorption wavelength range into the visible
light region, which accounts for more than half of the solar
spectrum.
In semiconducting oxides, the conduction band levels of the

small band-gap semiconductors are usually low due to the
formation of the deep valence bands by O2p. This restricts
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the development of visible-light-driven and stable oxide
photocatalysts. From this viewpoint, it is necessary to control
the valence band with orbitals of some elements instead of
O2p. Bismuth is a potential candidate for such a valence band
control element [13]. Bi-contained perovskite oxides often
offer great optical properties for photocatalytic applications.
Perovskite-type bismuth ferrite (BiFeO3) has wide applications
as photocatalytic materials owing to the small band-gap
energy (�2.2 eV), and high chemical stability. Luo et al. have
synthesized SrTiO3-coated BiFeO3 core/shell nanostructures,
which have high photocatalytic efficiencies for H2 production
under visible light irradiation [14]. Li et al. have synthesized
BiFeO3 microcrystals, which exhibited excellent photocatalytic
activity for the degradation of Congo red [15]. Furthermore,
according to recent studies, photocatalytic properties of
BiFeO3 rely to a certain extent on the morphology of the
sample. Two-dimensional BiFeO3 plates showed a much
higher photocatalytic activity than that of BiFeO3 bulk
materials for photodecoloration of orange II under visible
light irradiation [16]. Li et al. also showed that, contrasted
with BiFeO3 microspheres and microcubes, BiFeO3

submicrocubes exhibited better photocatalytic activity for
the degradation of Congo Red under visible light illumina-
tion [15]. In addition, BiFeO3 is one of the representative
multiferroic materials, showing the coexistence of magnetic
and ferroelectric orders over a certain range of temperature
above room temperature. The perovskite-type BiFeO3 exhibits
a relatively high antiferromagnetic Neel temperature (TN�

370 1C) and ferroelectric Curie temperature (TC�830 1C).
Due to these excellent properties, BiFeO3-based materials
could provide some opportunities for potential applications
in many fields, such as radio, television, microwave and
satellite communication, bubble memory devices, audio
video and digital recording [17–20]. BiFeO3 nanomaterials
have been prepared by using a variety of synthetic methods,
such as conventional hydrothermal synthesis [21–24], polymer-
assisted hydrothermal synthesis [25], microwave–hydrothermal
synthesis [26], mineralizer-assisted hydrothermal synthesis [23],
microwave-induced solid-state decomposition [27], sol–gel
process [28–30], Pechini [31] and modified Pechini method
[32], molten-salt method [33,34], sonochemical and microe-
mulsion techniques [35], mechanochemical synthesis [36], co-
precipitation [37–40], EDTA complexing sol–gel process [41],
polymeric precursor method [42,43], ferrioxalate precursor
method [44], combustion synthesis [45–47], polymer-directed
solvothermal route [48], polyacrylamide gel route [49], tartaric
acid-assisted gel strategy [50], and so forth. Among the various
chemical methods, electrospinning is a straightforward, versa-
tile, and efficient method to obtain the continuous polymer,
polymer/inorganic hybrid, and inorganic nanofibers with
diameters ranging from tens of nanometers to submicrometer
and high surface-to-volume ratio [51,52].

In the present study, we report a successful attempt to
fabricate BiFeO3 nanofibers by combining sol–gel method
with the electrospinning technique. The as-prepared nano-
fibers displayed high photocatalytic activity under UV
light and visible light irradiation in a photochemical
reactor. It is shown that the synthesized BiFeO3 nanofibers
exhibited good magnetic response with photocatalytic
activity and this photocatalyst can be easily recovered by
applying an external magnetic field while maintaining the
photocatalytic activity.

2. Experimental

2.1. Catalysts preparation

All chemical reagents used in the present work were
analytical grade and used as received without further purifica-
tion. BiFeO3 nanofibers were fabricated by an electrospinn-
ing method described as follows. 2 g of Bi(NO3)3 � 5 H2O
and 1.5 g of Fe(NO3)3 �H2O were dissolved in 5 mL of
2-methoxyethanol under mechanical stirring. Then 2.5 mL of
glacial acetic acid and 0.025 mL of ethanolamine were added
to adjust the viscosity and pH value of the solution under
constant stirring. Polyvinyl pyrrolidone (PVP) with molecular
weight 130,0000 was added to 11.25 mL of dimethyl forma-
mide (DMF)/acetone (2:1 v/v) mixed solvent. The above two
solutions were mixed and stirred continuously to form a
homogenous 0.08 g/ml PVP solution. The obtained precursor
solution was then loaded into a plastic syringe for the
electrospinning. The needle tip of the syringe was connected
to a high voltage that can generate a direct current (DC)
voltage of 13 kV. An aluminum foil was employed as the
collector attached to the cathode, and the distance between the
needle tip and the collector was 10 cm. The solution jet was
solidified by evaporation of solvent and a nonwoven fibrous
mat was formed on the collector. The as-collected composite
nanofibers were dried in an oven at 60 1C for 24 h, followed
by heating at 350 1C for 30 min in air and thermal annealing
at 550 1C for 2 h in argon atmosphere.

2.2. Characterization

The crystallization and phase formation of the resulting
BiFeO3 samples were studied with the Bruker D8 Advance
X-ray diffractometer using CuKa radiation at 40 kV and
100 mA. The morphology of the products was observed
by a JEOL JSM-6700F field emission scanning electron
microscope (FE-SEM) after being gold-coated. Transmission
electron microscopy (TEM) experiments were performed on a
JEOL JEM-2010 electron microscope. UV–vis diffuse reflec-
tance spectroscopy of the sample was measured by a Bws003
spectrophotometer. The magnetic measurements were carried
out on a MPM5-XL-5 superconductive quantum interference
device (SQUID) magnetometer at ambient temperature
(300 K).

2.3. Photocatalytic degradation experiments

The photocatalytic activities of the prepared products were
evaluated through measuring the degradation of Rhodamine
B (RhB) at room temperature. The photoreactor was designed
with an internal light source (a 50 W high-pressure Hg lamp



Fig. 1. SEM images of the as-spun PVP/inorganic composite fibers (a,b) and the annealed BiFeO3 nanofibers (c,d).
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with main emission wavelength of 313 nm was used as UV
light source, and a 150W high-pressure Xe lamp equipped
with a cut-off glass filter transmitting l4420 nm was used as
visible light source), which was surrounded by a water-cooling
quartz jacket to cool the lamp. 10 mg of nanofibers were
added to 100 mL RhB aqueous solution with a concentration
of 10 mg/L to get a suspension. Prior to photooxidation, the
suspension was stirred in the dark for 30 min to obtain a good
dispersion and establish an adsorption–desorption equilibrium
between the organic molecules and the catalyst surfaces. The
adsorption of RhB on BiFeO3 nanofibers was determined by
the concentration difference between the original RhB solu-
tion and the filtrates of the RhB/BiFeO3 suspensions.
Decrease in the concentrations of dyes was recorded using a
UV–visible spectrophotometer (UV-2500). For visible light
irradiation, the degradation reaction was initiated by adding
0.1 mL H2O2 (30%). At certain intervals of illumination, the
samples of the reaction solution were taken out and then
centrifuged for analyzing.

3. Results and discussion

The general morphology of the BiFeO3 nanofibers was
studied with SEM. Fig. 1a and b shows the SEM images of
the as-spun PVP/inorganic composite nanofibers, revealing
that the diameter of the as-spun fibers is in the range of
220–480 nm, while their length can reach several micro-
meters. It is observed that these randomly oriented
nanofibers have smooth and uniform surface due to the
amorphous nature of the nanofibers. Fig. 1c and d shows
the SEM images of BiFeO3 nanofibers obtained by heat-
treating the above as-spun composite nanofibers, which
exhibit a little shrinkage with the diameter ranging from
100 to 370 nm, due to the decomposition of PVP. Further-
more, the length of BiFeO3 nanofibers retains several
micrometers. By carefully observing the surface of nano-
fibers, it can be found that the nanofibers appear to consist
of linked particles, which is related to a dramatic change in
crystal structure.
The crystalline structure of BiFeO3 nanofibers was

identified by XRD. Fig. 2 shows the XRD pattern of
BiFeO3 nanofibers fabricated by electrospinning. It is a
challenge to prepare BiFeO3 nanomaterials with high-
purity, owing to the occurrence of impurity phase during
sintering. By performing the heat treatment in a protective
atmosphere, the formation of impurity phase would be
restricted [53]. Therefore, in the present work, BiFeO3

nanofibers were prepared by annealing in an argon atmo-
sphere. The diffraction peaks in the XRD pattern corre-
spond to the phase of BiFeO3 with a rhombohedral
perovskite structure belonging to R3c space group, which
match well with the literature data (JCPDS 86-1518). This
means that well-crystallized BiFeO3 nanofibers could be
obtained by the electrospinning technique followed by
annealing in Ar.
A typical TEM image of BiFeO3 nanofibers is shown in

Fig. 3. The fibers are composed of dense nanocrystalline
particles with an average size of about 90 nm, as shown in
the inset of Fig. 3. From the results of SEM and TEM, it
can be concluded that the fibers are composed of some
nanopaticles.
It is known that the key factors in controlling a

photocatalytic reaction include the optical absorption
performance of semiconductors and the migration of the



Fig. 2. XRD pattern of BiFeO3 nanofibers prepared by electrospinning

and subsequent heat-treatment.

Fig. 3. TEM images of BiFeO3 nanofibers. The inset is a local magnified

TEM image of BiFeO3 nanofibers.

Fig. 4. UV–vis diffuse reflectance spectrum of BiFeO3 nanofibers. The

inset shows the corresponding (ahn)2–hn plot.
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light-induced electrons and holes, which are relevant to the
electronic structure feature of the materials [54]. Fig. 4
shows the UV–vis diffuse reflectance spectrum of BiFeO3

nanofibers. The absorption spectrum shows that BiFeO3

products can absorb considerable amounts of visible light,
indicating that BiFeO3 nanofibers prepared by this method
could be a kind of visible-light-driven photocatalytic
material. The steep shape of the spectrum indicated that
the visible light absorption was due to the electronic
transition from the valence band to conduction band
(O2�2p-Fe3þ3d) in BiFeO3 lattice. The optical absorption
coefficient near the band edge follows the equation [55]
ahn¼A(hn�Eg)n/2, where a, h, n, Eg, and A are absorption
coefficient, Planck constant, light frequency, band-gap, and
a constant, respectively. The corresponding energy band-gap
of BiFeO3 photocatalyst can be obtained from the plot of
(ahn)2 versus hn by extrapolating the straight portion of
(ahn)2 to zero, as shown in the inset of Fig. 4. After
calculation, the value is determined to be 2.19 eV for BiFeO3

nanofibers, which is consistent with previous reports [56,24].
Such narrow band-gap is beneficial for the efficient utilization
of visible light for photocatalysis.
To explore the photocatalytic activity of the BiFeO3 fibers

for the degradation of organic pollutants, the degradation of
RhB in aqueous solution was tested. RhB was selected as the
model pollutant because of its obvious absorption at 553 nm.
Fig. 5a displays the temporal evolution of the spectral changes
taking place during the photodegradation of RhB catalyzed by
BiFeO3 nanofibers under UV light irradiation. The rapid
decrease of RhB absorption at the wavelength of 553 nm
demonstrated the decomposition of RhB. After 80 min, the
absorption peak disappeared, suggesting the complete decom-
position of RhB. At the same time, the color of the suspension
changes gradually, suggesting that the chromophoric structure
of the RhB was decomposed. In the inset of Fig. 5a, the
photocatalytic control experiments were performed in the
presence of BiFeO3 nanofibers but in the dark. It was showed
that the decolorization of RhB solutions was not controlled by
the surface adsorption but by the photodegradation of BiFeO3

nanofibers. Besides, Fig. 5c and d shows the degradation
curves of RhB over BiFeO3 nanofibers under visible light
irradiation. As shown in Fig. 5d, RhB is hardly degraded in
the absence of either BiFeO3 nanofibers or H2O2. The
degradation rate of RhB was 14.3% after 5 h of visible light
illumination in the presence of BiFeO3 nanofibers. But the
degradation efficiency of RhB was significantly promoted in
the system of the simultaneous presence of BiFeO3 nanofibers
and H2O2 at pH 5.0. After 5 h, about 97.3% of RhB was
degraded under visible light irradiation. During such process,
H2O2 molecules are absorbed on the surface of BiFeO3

nanofibers, and the adsorbed H2O2 molecules are catalytically
activated by BiFeO3 nanofibers to generate dOH radicals,
which then break down RhB into smaller organic molecules



Fig. 5. (a,b) Absorption spectra and photocatalytic degradations of RhB solution in the presence of BiFeO3 nanofibers under UV light irradiation. The

inset was the degradation profile of RhB solutions in the presence of BiFeO3 nanofibers but in the dark; (c,d) absorption spectra and photocatalytic

degradations of RhB solution in the presence of H2O2/BiFeO3 nanofibers under visible light irradiation. The degradations in BiFeO3 nanofibers and H2O2

catalyst were presented for comparison; (e,f) kinetic linear simulation curves of photocatalytic degradation of RhB under UV and visible light irradiation.

BiFeO3 nanofibers and H2O2/BiFeO3 nanofibers were used as catalyst.
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Fig. 6. (a) Magnetization curve of BiFeO3 nanofibers at room temperature (the inset is the magnetic separation of BiFeO3 nanofibers under an external

magnet); (b) partially enlarged image of curve (a).
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and CO2 [57]. The kinetic linear simulation curves of the
photocatalytic degradation of RhB by BiFeO3 nanofibers
were presented in Fig. 5e and f. The results show that the
above degradation reactions tend to follow a Langmuir–
Hinshelwood apparent first-order kinetics model (ln C0/C¼kt)
in the present work because of the low initial concentrations of
the reactants (10 mg/L for RhB in the present experiment)
[58,59]. The apparent first-order rate constant k for BiFeO3

photocatalysts calculated from the above formula was shown
in Fig. 5e and f.

A proposed mechanism for the photocatalytic behavior of
the BiFeO3 nanofibers was described as follows: BiFeO3 has
a rhombohedral perovskite structure at room temperature.
During the synthesis process, it is easy for the mole ratio of
Bi/Fe to deviate from chemical stoichiometric proportion,
owing to the partial bismuth volatilization. Thus, they lost
the metal atoms at the crank points of the crystal lattice and
result in metal vacancies. In order to keep the charge
balance, oxygen vacancies should be formed which lead to
the increase of oxygen absorbed. Therefore, the concentra-
tion of reactive OHd becomes higher when oxygen absorbed
increased, which helps in the photocatalytic reaction [60].

The magnetic property of BiFeO3 nanofibers is very
important for practical applications. Fig. 6a shows the
magnetic hysteresis loop of BiFeO3 nanofibers measured at
room temperature, while Fig. 6b is an amplified view of the
curve. The hysteresis loop of BiFeO3 nanofibers presented a
small hysteresis loop, which suggests the samples have a
ferromagnetic behavior with saturation magnetization (Ms),
remnant magnetization (Mr), and coercivity (Hc) of 4.4 emu/g,
0.83 emu/g, and 170 Oe, respectively. Different from the linear
M versus H relationship commonly displayed by bulk crystal-
line BiFeO3 [61], BiFeO3 nanofibers exhibit nonlinearity in M

versus H curve. The bulk BiFeO3 exhibits a disproportionate
spiral spin structure that cancels the macroscopic magnetiza-
tion. At the same time, it is observed that coercivity is
commonly not present in bulk BiFeO3. Consequently, the
nonlinear hysteresis curve of fibers is associated with the
nanometer-size of BiFeO3 particles. The magnetic separation
ability of BiFeO3 nanofibers was tested by placing a magnet
near the glass bottle. When a magnet was placed outside the
glass bottle, the samples were attracted to the magnet side
within a short period (inset of Fig. 6a). When the magnet was
taken away, BiFeO3 nanofibers are well dispersed again by
shaking. Therefore, this will provide an easy and efficient way
to separate BiFeO3 photocatalysts from the suspension system
under an external magnetic field.

4. Conclusions

In summary, BiFeO3 nanofibers were successfully fabricated
via facile electrospinning technique combining with sol–gel
method. These fibers possessed a rhombohedral distorted
perovskite structure, which was obtained after getting
annealed in argon atmosphere. BiFeO3 nanofibers prepared
through this method are of high photocatalytic activity under
UV and visible light irradiation. When exposed to visible light,
a removal of 97.3% for RhB was observed. Meanwhile,
BiFeO3 nanofibers exhibit a ferromagnetic behavior at room
temperature with 170 Oe coercivity and 4.4 emu/g saturation
magnetization, which is associated with the nanometer-size of
BiFeO3 particles. Thus, the obtained BiFeO3 nanofibers with
high photocatalytic activity are very useful for cleaning
wastewater with the help of magnetic separation. This study
provided a possible treatment approach for organic pollutants
by using visible light in aqueous ecosystems.
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