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Perovskite-type BiFeO; nanofibers with wave nodes-like morphology were prepared by electrospinning. The nanofibers show a
highly enhanced visible-light-active photocatalytic property. The results also showed that the diameter could affect the band gap
and photocatalytic performances of nanofibers. Additionally, weak ferromagnetic behaviors can be observed at room temperature,
which should be correlated to the size-confinement effect on the magnetic ordering of BiFeOj, structure.

1. Introduction

BiFeO; (BFO), as a kind of multiferroic materials, which
shows simultaneously spontaneous magnetic and electric
ordering, has attracted much attention [1-3]. According to
recent studies, BFO is also an important visible-light respon-
sive semiconductor photocatalyst for water splitting and
degradation of organic pollutants due to its suitable band gap
(~2.2eV) and excellent chemical stability [4, 5]. The synthesis
method used to obtain the desired nanostructures plays a cru-
cial role in affecting electric, magnetic, and optical properties
of nanoscale BFO. Various procedures have been developed
to synthesize BFO nanostructure materials such as nanopar-
ticles [6-9], nanocubes [10, 11], nanotubes [12, 13], and
nanowires [14, 15]. Gao and his coworkers reported the syn-
thesis of BFO nanoparticles by a sol-gel technique and their
photocatalytic and magnetic properties [6]. Joshi et al. inves-
tigated a microwave synthesis of single crystalline perovskite
BFO nanocubes [10]. Templates methods were used to pre-
pare BFO nanotubes [12] and nanowires [15], respectively, but
there were some disadvantages including low-yield, polycrys-
talline structure and easy agglomeration.

Electrospinning as a simple and effective method for
fabricating ultrathin nanofibers has been used widely [16-18].

Xie et al. prepared BFO nanofibers of the polycrystalline
structure fired under a protective atmosphere [19]. In
addition, there were some researchers investigated the
ferroelectricity [20, 21] and photocatalytic activity under
UV-light irradiation [22, 23] in electrospun BFO nanofibers.
However, to our knowledge, there are no reports that focused
on the BFO nanofibers as a visible-light-active photocatalytic
decomposition material. In the present work, we reported
the successful synthesis of BFO ultralong nanofibers by
electrospinning and investigated the photocatalytic activity
under visible light and their magnetic behaviors.

2. Materials and Methods

BFO ultrafine fibers were synthesized by electrospinning as
follows. The BiFeO; precursor was prepared as previously
reported [24]. The precursor was prepared from citrate
acid-based solution, using iron (III) nitrate nonahydrate
(99.99%, Alfa Aesar), bismuth (III) nitrate pentahydrate with
a purity of 98% (Alfa Aesar), citrate acid (Sigma Aldrich)
as the solutes, and N,N-dimethylformamide (DMEFE, China
National Chemicals Corporation Ltd.) as the solution. The
final concentration of the two precursor solutions were 0.2 M
and 0.4 M, respectively. Excess Bi of about 5 mol% was used to
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FIGURE 1: Schematic illustration for preparation of nanofibers by
electrospinning.

compensate for the bismuth loss during the heating process.
Polyvinylpyrrolidone (PVP, Mw=1,300,000 g/mol, Aldrich)
was then added to the solution directly and stirred for 6 h at
room temperature to obtain homogeneous solution for the
electrospinning process.

This solution was fed into 20 mL syringe and electrospun
through 0.5 mm diameter needle using an electrostatic spin-
ning apparatus (Figure 1). The flow rate of spinning solution
was maintained to 0.5mL/h using a syringe pump, and an
applied voltage was kept at 15kV. The as-spun nanofibrous
membranes were collected on an aluminium roller with a
diameter of 100 mm at a rotating speed of 1000 rpm. The
distance between the needle tip and the roller was 15 cm. And
then the as-spun nanofibrous membranes were stabilized at
150°C for 10 min in air and heated at 600°C for 2h in air
to obtain the BFO nanofibers. The heating rate was kept at
10°C/min.

The crystallinity and morphology of the BFO nanofibers
were examined by X-ray diffraction (XRD, Rigaku D/max
2500V, Rigaku Corporation), scanning electron microscopy
(SEM, JSM-7001F, JEOL Ltd.), and high-resolution TEM
(HRTEM, JEOL2011). The average diameters of the nano-
fibers were calculated from 100 filaments based on the SEM
images using image analysis software (Image J, National
Institutes of Health, USA). The Raman spectrum measure-
ments were performed in backscattering geometry with a
radiation of Ar" laser at 633 nm by using a microscope-based
Raman spectroscopy system (LabRAM HR, Horiba, NJ,
USA). UV-visible diffuse reflectance absorption spectra were
measured by a UV-vis spectrophotometer (Hitachi UV-3310).
The magnetization of the samples was measured using super-
conducting quantum interference device (SQUID, MPMS-7,
Quantum Design, San Diego, CA, USA) magnetometer. The
photocatalytic activities were evaluated by the degradation
of Congo red (CR) in aqueous solution under visible-light
irradiation using a 500 W Xe lamp with a cutoff filter (A >
400 nm) according to our previous study [25]. Briefly, aque-
ous suspensions of CR (50 mL, 20 mg/L) and BFO nanofibers
(2g/L) were placed in an open reactor, and the suspension
was placed in darkness for one hour with magnetic stirring
before irradiation to reach absorption/desorption equilib-
rium. The reaction temperature was kept at room temperature
by cooling water to prevent any thermal catalytic effect.
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The degradation of CR was evaluated by centrifuging the
retrieved samples and recording the intensity of absorption
peak of CR (495nm) relative to its initial intensity (C/C,)
using a spectrophotometer.

3. Results and Discussion

Figure 2 shows SEM images of as-spun BFO-gel/PVP fibers
and BFO nanofibers. The as-spun fibers (Figures 2(a) and
2(c)) are round in shape and have a rather uniform diameter
over its length. The average diameter increased from 300 nm
to 800 nm as the concentration of the solution increased
from 0.2M to 0.4 M. Figures 2(b) and 2(d) show that the
BFO nanofibers have a reduced diameter of 100 nm and
300 nm after being heated. The reduction in diameter can
be attributed to the thermal treatment, which has pyrolyzed
the polymer at 600°C. In addition, the fibers surface became
rougher after heating and annealing, which could be mainly
assigned to a dramatic change in crystal structure [22].

The XRD patterns of the BFO nanofibers are shown in
Figure 3(a). The reflection peaks of the different samples can
be indexed as a single-phase perovskite structure belonging to
the space group R3c (JCPDS card no. 86-1518), and no obvi-
ous peaks from other phase were detected, demonstrating
that well-crystallized single phase BFO can be obtained under
the current synthesis conditions. Fe;O, and y-Fe,O5 are not
present as impurity phases according to the XRD pattern
recorded at a very slow scan rate in the regions (33°-36" and
48°-50°) where the maximum intense peaks of y-Fe,O; and
Fe, O, are expected.

To get further insight on the structural variations of BFO
nanofibers, typical Raman spectra of our BFO nanofibers
were shown in Figure 3(b). The peaks at 140, 171, and 219 cm™?
can be assigned to A, (1TO), A, (2T0O), and A, (3TO) modes
for the rhombohedral BFO system, respectively, which is
in good agreement with that of previously reported data
[26]. Meanwhile, the E (TO) phonon modes were also quite
consistent with our previous study [27].

The crystalline structure of BFO ultrafine nanofibers is
further examined by HRTEM, as shown in Figure 4. It is
observed from TEM images (Figures 4(a) and 4(b)) that BFO
nanofibers are wave nodes-like, and the difference of diameter
of nanofibers from 0.2 M and 0.4 M BFO solution was signif-
icant. The reason for this variation can rely on the increase
of the concentration of the precursor solution, which results
in increase of nanofibers under the same condition of electro-
spinning technique [28]. It indicated that the wave nodes-like
morphology of nanofibers was produced by regulating the
concentration of the precursor solution to a certain extent.
The selected area electron diffraction (SAED) pattern from
the pane area marked with dashed line in Figure 4(a) shows
very sharp diffraction spots, proving the well-developed
single-crystalline structure. Figure 4(c) is a HRTEM image
of the grain boundary. The regular spacings of the observed
lattice are 0.396 and 0.287 nm, which are corresponding to the
(012) and (110) crystal planes of a rhombohedral BFO phase,
respectively. This result was consistent with previous study
[29].
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FIGURE 2: SEM images of (a) as-spun BFO-gel/PVP fibers without heat treatment and (b) BFO nanofibers after heat treatment synthesized
with 0.2 M BFO solution; (c) as-spun BFO-gel/PVP fibers without heat treatment and (d) BFO nanofibers after heat treatment synthesized

with 0.4 M BFO solution.
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FIGURE 3: (a) XRD patterns of BFO nanofibers; (b) Raman spectra of BFO nanofibers.

Generally, the optical absorption performance of semi-
conductors is related to the electronic structure feature and
their band gaps [30]. The optical properties of samples
were studied by measuring their UV-vis diffuse reflectance
absorption spectra. As shown in Figure 5(a), the absorption
spectra of BFO nanofibers with different diameters were
measured. The absorption spectra show that BFO nanofibers

can absorb considerable amounts of visible light, suggesting
their potential applications as visible-light-driven photocat-
alysts. And compared with the BFO nanofibers with the
diameter of 300 nm, the BFO nanofibers with the smaller
diameter (100 nm) show higher visible-light absorption. This
difference was mainly due to the nanoscale size effect includ-
ing ultrafine diameter and large specific surface area [31].
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FIGURE 4: (a) TEM image of part of a single BFO nanofiber synthesized with 0.2 M BFO solution; inset is the selected area electron diffraction
(SAED) pattern from the pane area marked with dashed line; (b) TEM image of part of a single BFO nanofiber synthesized with 0.4 M BFO
solution; (c) HRTEM image of the grain boundary of BFO nanofibers.
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FIGURE 5: (a) UV-vis diffuse reflectance absorption spectra of BFO nanofibers with different diameters; inset is the calculation diagrams
of the corresponding band gap; (b) photodegradation of CR in the presence of BFO nanofibers with different diameters under visible-light

irradiation.

The optical absorption coeflicient near the band edge follows
[32]:

ahy = A(hv - Eg)nlz, 6]

where «, h, v, E_, and A are absorption coefficient, Planck
constant, light frequency, band gap, and a constant, respec-
tively. Considering that BFO is a direct band gap material,
the value of n for BiFeO; is 1 [33]. The corresponding values
of direct band gap of BFO nanofibers can be evaluated by
extrapolating the linear portion of (ahv)? versus (hv), as
shown in the inset of Figure5(a). After calculations, the
values of the nanofibers with the diameters of 300 nm and
100 nm are 2.16 eV and 2.23 eV, respectively, which is quite

consistent with previous results [15, 34]. The obvious shift in
absorption edge for the samples may be due to the change of
fibers size [35]. In addition, a secondary edge that can also
be assigned to crystal field transition was observed at higher
wavelengths for the nanofibers.

To further evaluate the visible light photocatalytic activity
of as-synthesized samples, Congo red (CR) with a major
absorption peak at 495nm was chosen as a model organic
pollutant. Visible-light irradiation of aqueous CR/BFO led
to an apparent decrease in absorption. Figure 5(b) gives the
concentration changes of CR at 495 nm by BFO nanofibers as
a function of irradiation time under visible light during the
degradation process. A dark experiment (without irradiation)
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FIGURE 6: The magnetization hysteresis loops of BFO nanofibers at RT and 5K, and inset is the partially enlarged curves, respectively.

was also performed, in which the CR decomposition was
negligible. The BFO nanofibers show good photocatalytic
efficiency. After being exposed to visible light for 3 hours,
75% of the CR was photodegraded with the BFO nanofibers
of 100 nm diameter as photocatalysts, showing better pho-
tocatalytic activity than that of 300nm diameter (50%).
The reason may be that the smaller nanofibers have higher
surface-area-to-volume ratios. In our earlier studies, the BFO
nanoparticles with 100 nm size could only degrade almost
40% of the initial dye after 2h under the same conditions
[7], while the BFO nanofibers with the same size can degrade
65%. This can be attributed to the ultralong longitudinal
dimension of nanofibers that provides a sufficiently spacious
transport channel for charge separation [36]. It indicated that
electrospinning technology for fabricating BFO nanofibers
has more significant advantages in photocatalytic perfor-
mance than other fabrication methods.

Considering the importance of the multiferroic property
of BFO [37, 38], the magnetic ordering of the BFO nanofibers
of 100 nm diameter was measured by SQUID (Figure 6). It
is important to note that the saturated M is ~0.01emu/g at
RT, much smaller than that (~0.04 emu/g) of BFO nanowires
[15] with 50 nm diameter prepared by AAO templates. It may
be due to the size effect. The partially enlarged M-H curve is
shown in the inset, which reveals that the RT coercive field of
the BFO nanofibers is quite small (~150 Oe), similar to that
of the nanoparticles [6, 8] and the nanowires [15]. The grain
size of our nanofibers is larger than the 62 nm wavelength of
the intrinsic spiral-modulated spin structure in bulk BiFeO,
as previously reported [39]. It was reported that the cycloid
structure becomes more anharmonic at lower T, and its
detrimental effect on the magnetic ordering is devalued [39],
leading to stronger ferromagnetics (FM), evidenced by the

M-H loop at T = 5K, as shown in Figure 6. These results
indicated that BFO nanofibers show weak ferromagnetic at
RT and 5K, similar to that of nanoparticles.

4. Conclusions

In summary, we have successfully prepared BFO nanofibers
with 100 nm and 300 nm diameters by electrospinning. These
nanofibers with bamboo-like morphology show a highly
enhanced visible-light-active photocatalytic property, com-
pared with the BFO nanoparticles. Our results also showed
that the diameter could affect the band gap and photocatalytic
performances of nanofibers. In addition, magnetic studies
revealed their weak ferromagnetic behaviors at RT and
5K. These BFO nanofibers can be useful for developing
multifunctional devices combining magnetic, electronic, and
optical properties.
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