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a b s t r a c t

In this report, a polyacrylamide gel route is introduced to synthesize Bi2Fe4O9 nanoparticles. It is demon-
strated that high-phase-purity Bi2Fe4O9 nanoparticles can be prepared using different chelating agents.
Interestingly, however, the particle size of the products is found to be dependent on the choice of chelat-
ing agent. The use of EDTA as the chelating agent allows the production of Bi2Fe4O9 nanopowder with
a relatively smaller particle size. The photocatalytic experiments reveal that the as-prepared Bi2Fe4O9

nanoparticles possess excellent photocatalytic activity for oxidative decomposition of methyl red under
ultraviolet and visible light irradiation. Magnetic hysteresis loop measurement shows that the Bi2Fe4O9

nanoparticles exhibit a weak ferromagnetic behavior at room temperature.
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. Introduction

With the increase of environment pollution, semiconductor-
ased photocatalysis has received growing attention as a promising
echnology for air and water purification [1,2]. TiO2 has shown
o be a powerful photocatalyst for the oxidative decomposition
f numerous organic compounds under ultraviolet (UV) light illu-
ination [3–6]. However, the widespread use of TiO2 has been

indered since it is active only under UV irradiation (wave-
ength � < 390 nm) due to its wide bandgap (∼3.2 eV). In order
o efficiently make use of solar energy—an abundant natural
esource, which consists largely of visible light, to drive photocat-
lytic reaction, various methods such as doping [7–9] have been

ttempted to improve the photocatalytic activity of TiO2 under
isible irradiation. Recently, much work has been concerned with
he photocatalysis of other oxide semiconductors like Bi2Fe4O9,
i6WO12, CaBi2O4, LaNiO3, and CuAl2O4 [10–15], which have rel-
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atively small bandgaps that are appropriate for the absorption
of visible light. Among these oxides, Bi2Fe4O9 is also interesting
because of its multiferroic nature [16,17], high gas sensitivity [18],
and catalytic oxidation of ammonia to NO [19].

The creation of nanostructures is a basic strategy to achieve
excellent photocatalytic activity since the photocatalytic reaction
occurs dominantly on the catalyst surface [2] and nanostructures
can undoubtedly provide a large surface area to volume ratio. Up to
now, the preparation of nanostructured Bi2Fe4O9 has been mainly
based on the hydrothermal process [10,11,20–23], sol–gel tem-
plate method [24], and molten salt technique [25]. In the aspect
of morphology control, the hydrothermal route offers an advantage
over other preparation techniques; however, the products obtained
from the method tend to have a fairly large particle size, and fur-
thermore a cumbersome abstersion process is generally required to
clean out impurities. In this report, we introduce a polyacrylamide
gel route to synthesize Bi2Fe4O9 nanoparticles. Our recent work
has demonstrated that the polyacrylamide gel method allows the

production of high-quality nanoparticles with a uniform spherical
shape [26–28], and also this method exhibits an excellent capability
to create core-shell composite nanoparticles [26]. The photocat-
alytic activity of Bi2Fe4O9 nanoparticles fabricated in the present
study has been examined by the photodegradation of methyl red

dx.doi.org/10.1016/j.jallcom.2010.09.097
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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MR) under UV and visible light irradiation, and the results reveal
high photocatalytic efficiency.

. Experimental

According to the formula Bi2Fe4O9, stoichiometric amounts of Bi(NO3)3·5H2O
nd Fe(NO3)3·9H2O were dissolved into an aqueous nitric acid solution. After the
olution was clear and without residue, a stoichiometric amount of chelating agent
ethylenediamine-tetraacetic acid (EDTA) or citric acid) was dissolved in the ratio
.2:1 respect to the cations (Bi, Fe). Subsequently an appropriate amount of glu-
ose was dissolved (about 20 g in 100 ml). Finally, to the solution were added
crylamide monomers in the ratio 9:1 respect to the cations, followed by adjust-
ng the pH value to 3 by addition of ammonia. Every step mentioned above was
ccompanied by constant magnetic stirring to make the solution transparent and
omogeneous. The resultant solution was heated at 80 ◦C, and a few minutes later
as converted into a deep yellow gel. The gel was dried at 120 ◦C for 24 h in a

hermostat drier. The obtained xerogel was ground into a fine powder in an agate
ortar, and then submitted to calcination at 400 ◦C for 3 h in a tube furnace followed

y a thermal treatment at 750 ◦C for 10 h, finally yielding high-quality Bi2Fe4O9

anoparticles.
The phase purity of the prepared Bi2Fe4O9 nanoparticles was examined by

-ray diffraction (XRD) using Cu K� radiation. The particle morphology was inves-
igated by a scanning electron microscope (SEM). The photocatalytic activity of
he products was evaluated by the degradation of MR under irradiation of a 20 W
ow-pressure mercury lamp (� = 365 nm) and a 20W tri-phosphor fluorescent lamp
� ≥ 450 nm). The initial concentration of MR was 25 mg l−1 with a catalyst loading
f 1.25 mg mL−1. Before illumination, the mixed solution was ultrasonically treated
or 15 min in the dark. During the photocatalysis experiment, a small amount of the
olution was taken, every 1 h, for examination of the MR concentration. The concen-
ration of MR was determined by measuring the absorbance of the solution (where
he catalyst particles were filtered off through a millipore filter paper) at a fixed
avelength of � = 576 nm using a UV–vis spectrophotometer.
. Results and discussion

Fig. 1 shows the XRD patterns of Bi2Fe4O9 samples prepared sep-
rately using EDTA and citric acid as the chelating agent. For both

ig. 1. XRD patterns of Bi2Fe4O9 samples prepared separately using EDTA and citric
cid as the chelating agent. Shown in the top of the figure is an enlarged view of
elected diffraction peaks.
Fig. 2. SEM micrographs of Bi2Fe4O9 particles prepared using (a) EDTA and (b) citric
acid as the chelating agent.

the samples, all the diffraction peaks can be indexed in terms of the
orthorhombic structure of Bi2Fe4O9 (space group: Pbam) with unit-
cell constants of a = 7.969 Å, b = 8.449 Å, and c = 6.004 Å, revealing
the synthesis of high-phase-purity Bi2Fe4O9 via the present poly-
acrylamide gel method. Interestingly, the grain size of the products
is found to be dependent on the choice of chelating agent. The use
of EDTA as the chelating agent produces a Bi2Fe4O9 sample with
relatively broad diffraction peaks compared with the use of citric
acid, as can be seen from the enlarged peaks given in the top of
Fig. 1. This indicates that Bi2Fe4O9 sample with a smaller grain size
is readily obtained by using the chelating agent EDTA. Fig. 2(a) and
(b) displays the SEM images of Bi2Fe4O9 particles prepared, respec-
tively, using EDTA and citric acid as the chelating agent. One can see
that the EDTA-based product has an average particle size centered
around 200 nm while the citric acid-based product has a particle
size centered around 300 nm.

Fig. 3(a) shows the diffuse reflectance spectra of the Bi2Fe4O9
samples measured using a UV–vis spectrometer, and Fig. 3(b) gives
the corresponding absorption spectra transformed from the diffuse
reflectance spectra according to the Kubelka–Munk (K–M) theory

[29]. The energy bandgaps of the Bi2Fe4O9 samples can be esti-
mated from the plots of (˛h�)1/2 versus h� using the Tauc relation
[30], as shown in Fig. 3(c), where ˛ is the K–M absorption coefficient
and h� is the incident photon energy. The linear portion of the plots
is extrapolatted to the h� axis to yield the energy bandgap. It is seen
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Fig. 3. (a) Diffuse reflectance spectra of the Bi2Fe4O9 samples prepared separately
u
s
o
t

t
T
c
l

u
F

sing EDTA and citric acid as the chelating agent. (b) The corresponding absorption
pectra transformed from the diffuse reflectance spectra according to the K–M the-
ry. (c) The Tauc plots of (˛h�)1/2 versus h�, where the linear portion is extrapolatted
o the h� axis to yield the energy bandgap.

hat the two samples exhibit a very similar bandgap around 2.08 eV.
his value, which is much smaller than that of the famous photo-

atalyst TiO2 (∼3.2 eV), allows the efficient absorption of visible
ight.

The photocatalytic activity of the Bi2Fe4O9 samples was eval-
ated by the degradation of MR under UV and visible irradiation.
ig. 4 shows the degradation rate, defined as (C0 − C)/C0 × 100%, as
Fig. 4. Photocatalytic degradation of MR as a function of time using the Bi2Fe4O9

nanoparticles. (a) Under UV-light illumination; (b) under visible-light illumination.

a function of time, where C0 and C are the concentrations of MR
before and after irradiation, respectively. The methyl red appears
to be stable under irradiation without Bi2Fe4O9 photocatalyst, and
the degradation rate is less than 4% after 6 h UV irradiation. The
introduction of Bi2Fe4O9 nanoparticles leads to a marked photocat-
alytic decomposition of the methyl red. It is seen that the Bi2Fe4O9
sample prepared using EDTA as the chelating agent exhibits a pho-
tocatalytic activity slightly higher than the sample prepared using
citric acid as the chelating agent. This can be attributed to its rela-
tively smaller particle size and larger surface area to volume ratio.
After 6 h UV irradiation, the MR degradation rate reaches ∼77%
using the EDTA-resulted sample and ∼73% using the citric acid-
resulted sample (see Fig. 4(a)). More importantly, the Bi2Fe4O9
system exhibits a good visible-light photocatalytic degradation of
MR, as demonstrated in Fig. 4(b). After 6 h of visible irradiation with
the two samples, the MR degradation rate separately reaches ∼40%
and ∼38%.

Fig. 5 shows the magnetic hysteresis loops for the Bi2Fe4O9

samples measured at room temperature, revealing a weak ferro-
magnetic behavior. For the EDTA-resulted sample, the remanent
magnetization (Mr) is ∼0.0084 emu/g and the coercivity value
Hc is ∼200 Oe. For the citric acid-resulted sample, the remanent
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ig. 5. Magnetic hysteresis loops for the Bi2Fe4O9 samples measured at room tem-
erature, revealing a weak ferromagnetic behavior.

agnetization and coercivity are observed to be ∼0.0054 emu/g
nd ∼130 Oe, respectively. The origin of weak ferromagnetism in
i2Fe4O9 nanoparticles can be attributed to the surface effects. Gen-
rally, in the nanocrystalline system, those physical effects, such as
he termination of the crystal structure, lattice distortion, devia-
ion of stoichiometric composition, and dislocation, are expected
o become appreciable at the particle surface due to the large
urface-to-volume ratio. This leads to the deviation of the surface
pins from the antiferromagnetic arrangement, and the macro-
copic weak ferromagnetic behavior comes from the disordered
urface spins. Similar weak ferromagnetic phenomenon was also
bserved in other nanosized antiferromagnetic materials, such as
iFeO3 [31] and Bi2Mn4O10 [32].

. Conclusions

In this work, we introduce a polyacrylamide gel route to syn-
hesize Bi2Fe4O9 nanoparticles. It is demonstrated that this route
llows the synthesis of high-purity Bi2Fe4O9 nanoparticles using
ifferent chelating agents. The particle size of the products is found
o have a dependence on the choice of chelating agent, and the
se of EDTA as the chelating agent favorably leads to the synthe-
is of Bi2Fe4O9 fine powder having a relatively small particle size.

he as-prepared Bi2Fe4O9 nanoparticles exhibit an excellent pho-
ocatalytic activity for the degradation of methyl red under both UV
nd visible light irradiation. Magnetic hysteresis loop measurement
eveals a weak ferromagnetic behavior in the Bi2Fe4O9 nanoparti-
les at room temperature.
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