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a  b  s  t  r  a  c  t

BiFeO3@carbon  core/shell  nanofibers  (BFO@C  NFs)  with  different  thickness  of carbon  layers  were  success-
fully  prepared  by combining  the electrospining  technique  and hydrothermal  process.  Scanning  electron
microscopy  and transmission  electron  microscopy  were  employed  to characterize  the  products.  The
results  demonstrated  that  a uniform  carbon  layer  was  coated  on the  surface  of  BFO  NFs.  It was proposed
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that  the  introduction  of  carbon  should  not  only enhance  the  light  absorption  of  BFO  NFs  and  the  adsorp-
tion  capacity  for methyl  orange,  but also facilitate  the  separation  of photogenerated  electron–hole  pairs,
both  of which  result  in the enhanced  photocatalytic  activity  of  BFO  NFs.  In  addition,  BFO@C  NFs  are stable
under  visible  light  irradiation  and  could  be easily  recycled,  indicating  that they can  be  used as effective
photocatalysts  under  visible  light.
hotocatalyst

. Introduction

In recent years, visible-light-driven photocatalysts have been
eveloped for efficient utilization of solar energy to address the

ncreasing environmental pollution and energy problems. To date,
 large number of metal oxides as photocatalyst have been explored
or the purpose of efficient degradation of harmful organic sub-
tances and hydrogen production through decomposing water. In
articular, the TiO2 photocatalyst is widely employed in the envi-
onmental cleaning by degrading organic pollutants and hydrogen
roduction by decomposing water, due to their excellent photo-
hemical stability, low cost, and non-toxicity [1,2]. However, for
ractical applications, TiO2 is not a good candidate in the visible-

ight region, because it only absorbs ultraviolet light of no longer
han 387.5 nm for the anatase phase and 413.3 nm for the rutile
hase. Although many efforts have been devoted to enhancing the
hotocatalytic efficiency and visible light utilization of TiO2 by
odifying TiO2 with metals, non-metals, semiconductor oxides,

nd photo-sensitizers [3–10], the corresponding photocatalytic
fficiency is still not ideal for practical applications. From the view-
oint of using solar energy, it is of great interest to develop efficient
isible-light photocatalysts for the photodegradation of organic
ollutants.
Bismuth ferrites are a very important family of inorganic mate-
ials that have received increasing attention because of their
otential utilization in sensing, actuation, and digital memory
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[11,12]. As a typical bismuth ferrite, BiFeO3 (BFO) as one of the well-
known multiferroic compounds with ferroelectricity and magnetic
ordering [13], has a rhombohedrally distorted perovskite structure
with a space group R3c [14]. This material has attracted a great deal
of attention due to its possible applications as nanogenerators, fer-
roelectric random access memory devices, and ferroelectric diodes
[15]. In addition, BFO is also an important visible-light-driven pho-
tocatalyst owing to its narrow band-gap energy (2.2 eV). Recently,
BFO has proven to be capable of degrading organic contaminants
[16]. Additionally, it has been reported that SrTiO3-coated BFO
nanoparticles can decompose water into H2 and O2 under UV-
or visible-light irradiation [17]. Many efforts have been made
to improve the photocatalytic performance of BFO material. The
design and morphological control on crystal facets of BFO is one
of the most important ways to optimize its photocatalytic activity.
Fei et al. demonstrated that BFO pills with highly exposed {1 1 1}c

facets show an obviously enhanced visible light response [18]. Huo
et al. reported that BFO hollow microspheres with large surface area
synthesized via a solvethermal process exhibit high photocatalytic
activity for methyl blue degradation under visible-light irradiation
[19].

The basic principle of semiconductor photocatalysis involves
the migration of photogenerated electrons (e−) and holes (h+) to
the surface serving as redox sources and the destruction of pollut-
ants [1]. Another current bottleneck in photocatalysis is the poor
quantum yield owing to a rapid recombination rate of the photo-

generated electron–hole pairs, which tends to limit the practical
application of photocatalysis. It has been reported that nano-
structured BFO/TiO2 composites could enhance the photocatalytic
performance by improving the photo-generated electron–hole

dx.doi.org/10.1016/j.molcata.2013.04.005
http://www.sciencedirect.com/science/journal/13811169
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eparation and enhancing the interfacial charge transfer effi-
iency [20]. In addition, the SrTiO3-coated BFO material exhibited
nhanced visible-light photocatalytic activity as well [17].

As  well known, functional carbonaceous materials could serve
s an intercomponent deposited on the surface of polymers, ceram-
cs, metals, and oxides with the purpose of modifying the corrosion
esistance, thermal stability, adsorbability, or electronic properties
f these materials. It has been reported that the photocatalytic
roperty of the materials can be improved by modifying with
arbon [6,21–24]. Recently, grapheme/BFO nanocomposities have
een reported, which show enhanced optical absorption prop-
rty [25]. However, to the best of our knowledge, the synthesis of
FO@carbon core/shell photocatalysts with efficient electron–hole
eparation ability has never been reported. Herein, we reported

 BFO@carbon core/shell nanofibers (BFO@C NFs) by combining
lectrospinning technique and hydrothermal process. The influ-
nce of carbon on the photocatalytic activity of BFO@C NFs was
nvestigated by decomposing methyl orange solution (MO). And
he mechanism of the photocatalysis enhancement in the BFO@C
Fs was proposed as well.

.  Experimental

.1. Fabrication of BFO nanofibers

Firstly, a sol–gel solution, referred to as solution A, was  pre-
ared by dissolving 3.027 g of Bi(NO3)3·5H2O and 2.424 g of
e(NO3)3·9H2O in 22 mL  of 2-methoxyethanol. The solution pH
alue was adjusted to 4.0 by adding drops of ethanolamine. Then,

 mL  of glacial acetic acid was added to control the solution vis-
osity. The solution was stirred for 12 h at room temperature. The
econd solution, referred to as solution B, was prepared by adding

 g of polyvinyl pyrrolidone (PVP, M = 1 300 000, Aladdin) to 10 mL
f dimethyl formamide (DMF)/ethanol (1:1) solvent mixture. The
olution B was magnetically stirred for about 1 h. Subsequently,

 mL  of solution A was added to the solution B drop by drop under
onstant stirring and homogeneous BFO precursor solution for elec-
rospinning was obtained. All raw materials are analytic purity
ithout further purification. Finally, the obtained precursor was

ransferred to a plastic syringe and fed by a micro-infusion pump to
he stainless steel needle at a rate of 0.4 mL/h. The electrospinning
etup we used was a horizontal one with a rotating drum as a col-
ector. A DC voltage of 16 kV was applied to the needle and the
istance was 14 cm from the needle to the collector. The fiber mats
ere collected on the aluminum foil wrapped on the drum. The ulti-
ate samples were obtained by drying at 120 ◦C for 6 h and then

nnealed at 550 ◦C for 2 h in argon atmosphere.

.2. Preparation of BFO@C NFs

In a typical procedure, BFO@C NFs were prepared by a hydro-
hermal process. Firstly, glucose (0.16 g) and BFO NFs (25 mg)  were
ut into a Teflon-lined stainless steel autoclave of 40 mL  capacity
ontaining 32 mL  of deionized water to make a glucose solution
ith a concentration of 5 g/L. After vigorous stirring for 10 min, the

uspension mixture was then sealed and heated at 180 ◦C for 4 h.
fter the end of the reaction, the autoclave was cooled to ambient

emperature naturally. The products were collected using a cen-
rifuge and then washed with water and ethanol several times.

inally, the samples were dried at 70 ◦C for 6 h. These samples pre-
ared with different concentrations of glucose (5, 15 and 30 g/L)
ere denoted as S1, S2 and S3, respectively. In addition, pure BFO
Fs was denoted as S0.
alysis A: Chemical 376 (2013) 1– 6

2.3. Characterization

The products were analyzed by an X-ray diffractometer (XRD,
D/Max-RB, Rigaku, Japan) with a Cu K� radiation in a 2� range
from 10◦ to 70◦. The product morphology was investigated by
means of a scanning electron microscope (SEM, SU8020, Hitachi,
Japan) equipped with an energy-dispersive X-ray spectrometer
(EDX) and a transmission electron microscope (TEM, JEM-2100F,
JEOL, Japan, operated at an accelerating voltage of 200 kV). UV–vis
diffuse reflectance spectra of the samples were measured using
barium sulfate as a standard material by a UV–vis spectropho-
tometer (TU-1950, Beijing Perkinje General Instrument Co., Ltd.,
Beijing, China) with an integrating sphere. The specific surface
areas of the as-prepared samples were determined according to
Brunauer–Emmett–Teller (BET) method on nitrogen adsorption
at 77 K by using a TriStar II 3020M analyzer (Micromeritics Co.,
USA). The room temperature photoluminescence spectra (PL) were
performed on a fluorescence spectrophotometer (F-4600, Hitachi,
Japan) with the excitation wavelength of 210 nm.  The photocat-
alytic activity of the BFO NFs and BFO@C NFs samples was evaluated
under irradiation of a 400 W metal-halide lamp (� > 410 nm)  at
natural pH value. The initial concentration of MO was 20 mg  L−1

with a catalyst loading of 0.5 g/L. Before illumination, the solu-
tion was stirred for 30 min  in the dark in order to reach the
adsorption–desorption equilibrium between the photocatalyst and
MO.  After 1 h, a small quantity of the solution was  taken, and the
concentration of MO  was  determined by measuring the value at
about 464 nm using a UV–vis spectrophotometer. Each time before
the absorption measurement, the sample solution was centrifuged
for 30 min  to separate the catalyst powder from the solution. The
absorption was  converted to the MO  concentration referring to a
standard curve showing a linear behavior between the concentra-
tion and the absorption at this wavelength.

3. Results and discussion

3.1.  SEM of the as-prepared composite nanofibers

The morphologies of the as-obtained pure BFO NFs (S0) and
BFO@C NFs (S2) were representatively characterized by SEM. It
could be observed from Fig. 1a that these randomly oriented BFO
NFs have a continuous and coarse surface microstructure. The aver-
age diameter of the as-prepare BFO NFs is 90 ± 40 nm. After a
hydrothermal treatment, the non-woven nanofibrous morphology
of the BFO NFs was remained, as shown in Fig. 1b. Although there
is no change in the fiber diameter, it can be seen that the surface of
the BFO@C NFs becomes more smooth, which can be attributed to
the carbon coated on the surface of nanofibers. EDX analysis per-
formed on individual nanofiber of S2 revealed that the S2 sample
is composed of Bi, Fe, O and C (Fig. 1c). Furthermore, its chemical
composition conforms to the Bi/Fe atomic ratio of ∼1.07:1, which
hints the presence of BFO.

3.2.  TEM of the as-prepared composite nanofibers

The morphology and fine structure of the BFO NFs and BFO@C
NFs products were further examined by TEM. Fig. 2a showed the
TEM image of the BFO NFs (S0) and their average diameter was
measured to be ∼90 nm, which confirms the diameter distribution
estimated from the SEM images. Fig. 2b displayed the typical TEM
image of the S1 sample. It can be seen from the inset that a car-

bon layer with a thickness of 1.5 nm was coated on the surface of
BFO NFs uniformly. Similar results could be observed in the TEM
images of S2 and S3 (Fig. 2c and d). In addition, it is clear that there
exists a well-developed interface between the BFO nanofiber and
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ig. 1. SEM images of the as-prepared samples: (a) BFO NFs (S0) and (b) BFO@C NFs
S2); (c) EDX pattern of the S2 sample.

he carbon layer. And the thickness of carbon layer increased to 3
nd 6 nm for the S2 and S3 samples as the amount of glucose was
urther increased to 15 and 30 g/L, respectively. Fig. 2e showed a
igh-resolution TEM image of the interface between BFO and car-
on in the S2 sample corresponding to the marked area of Fig. 2c. It
ould be seen that S2 exhibits a typical core/shell structure with a
arbon layer thickness of 3 nm.  In addition, the TEM image in Fig. 2e
xhibited a continuous lattice strip and an interplanar spacing of
.277 nm was calculated corresponding to the (1 1 0) planes of the
hombohedral BFO.

.3.  Phase structure
The  crystalline structure and phase purity of BFO fibers were
haracterized by XRD, as shown in Fig. 3. All of the diffraction peaks
f the S0 sample could be assigned to the rhombohedrally distorted
alysis A: Chemical 376 (2013) 1– 6 3

perovskite  structure of BFO (JCPDS 71-2494), and no impurity peaks
were observed, indicating that phase pure perovskite BFO could
be obtained by annealing at 550 ◦C in an argon atmosphere. The
strong and sharp diffraction peaks of S0 suggest that BFO NFs were
well crystallized. The XRD patterns of S1, S2 and S3 displayed the
diffraction peaks of pure BFO as well. However, the graphitic car-
bon peak at 2� = 25.6◦ is too weak to see [26], which might be
ascribed to the small amount of carbon [21]. In addition, accord-
ing to the X-ray line-broadening of the (0 1 2) diffraction peak using
the Debye–Scherrer formula, the average grain size of BFO NFs were
calculated to be ∼25 nm for S0, S1, S2 and S3.

3.4.  UV–vis diffuse reflectance spectra

The optical absorption property of the BFO NFs (S0) and BFO@C
NFs (S1, S2 and S3) was  measured by UV–vis absorption spectra
transformed from the corresponding diffuse spectra according to
the well-known Kubelka–Munk theory [27], and the results are
shown in Fig. 4. It is clear that a broad absorption band in the
range of 410–570 nm was observed in the absorption spectra of
the BFO NFs (S0), which indicates that BFO can absorb considerable
amounts of visible light in this range. Notably, after the hydro-
thermal treatment with glucose, all BFO@C NFs (S1, S2 and S3) can
adsorb more light in the 410–800 nm regions than pure BFO. More-
over, the absorption edges of all BFO@C NFs samples (S1, S2 and S3)
have a little shift to long wavelength, indicating almost the same
band gap energy as that of BFO NFs (S0). This keeps consistence
with the previous reports where no change in band gap energy
was observed for carbon coated ZnO [21] and Zn2TiO4 [24]. In the
present work, most of the carbon in the BFO@C NFs samples was
free, graphitic carbon, hence broad background absorption in the
visible-light region dominated the UV–vis spectra. In addition, the
absorption of the BFO@C NFs samples increases with increasing the
carbon content. The possible reason for the improved absorption of
visible-light may  be ascribed to two aspects. One  should originate
from the carbon in the sample, which could enhance the absorption
in the whole visible region; the other was  the introduction of the
carbon may  modify the fundamental process of electron–hole pair
formation and result in an increased electric surface charge of the
oxide within the composite. This result demonstrated that BFO@C
NFs materials may  exhibit increased photocatalytic activity in the
visible-light region.

3.5.  Photocatalytic activities

The  visible-light photocatalytic activity of the BFO NFs (S0) and
BFO@C NFs samples (S1, S2 and S3) was  evaluated by using them
to degrade the MO solution. Fig. 5a shows the photodegradation
efficiency of the MO solution for BFO NFs and BFO@C NFs samples
under visible-light irradiation. The experiments conducted in dark
condition demonstrated that the adsorption–desorption equilib-
rium between the photocatalyst and MO  could be established
within 30 min. It can be seen that the adsorption capacity of
BFO@C NFs for MO was  significantly enhanced, which may  result
from the good adsorbability of amorphous carbon. In addition, all
BFO@C NFs samples (S1, S2 and S3) exhibit higher degradation
efficiency for MO  than the pure BFO NFs (S0), and S2 shows the
highest visible-light-driven photocatalytic property. For a better
comparison of the photocatalytic efficiency of the BFO NFs (S0)
and BFO@C NFs samples (S1, S2 and S3), the reaction rates for MO
photocatalytic degradation for all samples are estimated in Fig. 5b.
It is evident that the plot of ln(C/C0) versus time is close to a liner

curve, indicating that the photodegradation of MO follows the
first-order reaction kinetics. The degradation constants (k) were
calculated to be 0.194, 0.287, 0.648 and 0.485 h−1 for S0, S1, S2
and S3, respectively. Obviously, with an increase in the content of
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ig. 2. TEM images of the as-prepared samples: (a) S0, (b) S1, (c) S2, (d) S3, and (e)
nlarged TEM images of S0, S1, S2 and S3.

he deposited carbon, the photocatalytic efficiency of BFO@C NFs
amples first increased and then decreased, which is consistent
ith the activity discussed above. It is supposed that the BFO NFs

oated with a thicker carbon layer may  block the inherent optical
bsorption, result in a decrease of the quantity of photogenerated
harges, and lower the photoactivity. In addition, excessive carbon
eposition may  result in more limited MO molecules close to the
urface of BFO where MO  molecular were decomposed by hydroxyl
adicals (OH•) yielded by the holes, which may  also attributed to
he decreased photoactivity [22].

It is worth pointing out that the stability of a given photocat-

lyst during photoreaction is a crucial issue for long-term use in
ractical applications. Consequently, two factors needed to be con-
idered: (i) the ease with which the catalyst could be separated from

Fig. 3. XRD patterns of the S0, S1, S2 and S3 samples.
resolution TEM image of the S2 sample; the inset in each figure corresponds to the

solution. In this work, the composite samples were of nanofibrous
morphology and could be easily separated from an aqueous suspen-
sion; and (ii) the stability of the catalyst to maintain its high activity
over time. Fig. 6 shows the recycled experiments of the photodegra-
dation of MO over S2 for three cycles (3 h visible-light irradiation
for each cycle). It was observed that the photodegradation rate
remained constant over three consecutive cycles, indicating that
the as-prepared photocatalyst is stable under visible-light irradi-
ation. This result demonstrated the industrial potential of BFO@C
NFs samples as a visible-light-driven photocatalyst.
3.6. Photocatalytic mechanism

It  has been generally accepted that the photocatalytic perfor-
mance of photocatalysts is closely related with their crystallite

Fig. 4. UV–vis absorption spectra of the S0, S1, S2 and S3 samples.
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ig. 5. (a) Degradation of MO  using S0, S1, S2 and S3 under visible light irradiation;
b)  kinetic linear simulation curves of S0, S1, S2 and S3.

ize, phase structure, crystallinity, morphology, surface area,
ptical absorption and separation efficiency of photogenerated
lectron–hole pairs. The XRD results reveal that the crystallite size,
rystal structure and crystallinity of the BFO NFs remained sim-
lar after the hydrothermal treatment, meaning that they would
ot be the reason for the big discrepancy in photocatalytic per-

ormance of these samples. Moreover, no significant differences in
he BET surface area were observed between S0 (23.12 m2/g) and
2 (27.43 m2/g), so we rule out surface areas as the main factor to
nfluence their photocatalytic activity. Therefore, the improvement

f photocatalytic activity more likely resulted from the following
easons: Firstly, it is evident that the coating of the carbon layer
nhances the absorption of BFO NFs in the visible-light region

ig. 6. Cycling runs in photocatalytic degradation of MO  in the presence of the S2
ample under visible light irradiation.
Fig. 7. PL spectra of the S0 and S2 samples.

(Fig. 4), demonstrating that more photons can be absorbed and
be utilized for the photocatalytic reaction. Secondly, since the
amorphous carbon has good adsorbability, the adsorption capac-
ity of BFO@C NFs for MO was  significantly enhanced, resulting
in an increase of the rate of photocatalytic reaction. Finally, the
introduced carbon may  provide a network to collect and rapidly
transfer the photoexcited electrons from the conduction band of
BFO during the photocatalytic process, which reduces the recom-
bination probability between photoexcited electrons and holes and
leaves more holes for the oxidization reaction of the adsorbed MO.
To confirm the decreased recombination of electron–hole pairs in
BFO@C NFs, room temperature PL emission spectra of the S0 and S2
samples were measured, as shown in Fig. 7. It can be seen that the PL
spectrum of BFO (S0) shows a strong emission, which indicates that
the electrons and holes recombine rapidly. By contrast, the BFO@C
NFs (S2) sample displays a drastic decrease in emission intensity,
indicating that the recombination rate of electron–hole pairs was
very slow. Therefore, it is supposed that the introduction of carbon
can facilitate the separation of photogenerated electron–hole pairs
and enhance the photocatalytic degradation efficiency.

4.  Conclusions

The BFO@C NFs were synthesized through a combination of elec-
trospinning technique and hydrothermal process in the presence
of glucose. The thickness of the carbon layer could be controlled
by adjusting the concentration of glucose in hydrothermal process.
The investigation of optical absorption and photocatalytic activity
demonstrated that the BFO@C NFs samples showed significantly
higher photocatalytic activity than BFO NFs on the degradation of
MO under visible-light irradiation. It was  found that the presence
of carbon layers not only significantly enhance the light absorption
of BFO NFs and adsorption capacity for MO, but also facilitate the
separation of photogenerated electron–hole pairs, which results in
an increased photocatalytic degradation efficiency. In addition to
the high photocatalytic activity, BFO@C NFs samples could be eas-
ily recycled without an obvious decrease of photocatalytic activity,
demonstrating the potential of BFO@C NFs as a visible-light-driven
photocatalyst.
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