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a b s t r a c t

We report here an acrylamide gel route to prepare BiFeO3 nanopowder. In this route, the gelation of
the solution is achieved by the formation of a polymer network: the polyacrylamide, which provides
a structural framework for the growth of particles. It is demonstrated that pure BiFeO3 phase can be
obtained using EDTA as the chelating agent. In addition, we find when the used acrylamide is 9 times the
amount (in mole) of the cations and an appropriate amount of glucose is added to the precursor solution,
the particle morphology can be much improved. SEM observations reveal that the powder prepared under
5.80.+q
1.07.−b
1.20.Fw

eywords:
iFeO3

the optimal conditions has a small and uniform particle size, and the particles are almost spherical and
polydisperse without any agglomeration or adhesion. DSC measurements identify the presence of the
two ferroic phase transitions in our product, i.e., the antiferromagnetic transition at ∼370 ◦C and the
ferroelectric transition at ∼830 ◦C.

© 2009 Elsevier B.V. All rights reserved.
anoparticles
olyacrylamide gel

. Introduction

Bismuth ferrite (BiFeO3) with a perovskite-type structure has
een extensively studied as a multiferroic material during recent
ears. It is well established that BiFeO3 is antiferromagnetic with
he Néel temperature TN ≈ 370 ◦C and ferroelectric with the Curie
emperature TC ≈ 830 ◦C [1–3]. Due to its high Néel temperature
nd high Curie temperature, BiFeO3 is regarded to be an excel-
ent candidate for multiferroic applications. However, the effective
ncorporation of this multiferroic oxide into practical devices has
een hindered due to leakage current problems resulting likely
rom defects and nonstoichiometry. Doping [4] and preparation of
igh-quality samples [5] have been generally considered to improve
he electrical properties of BiFeO3.

The creation of nanostructures also offers great potential to
ailor and/or enhance the physical properties. For example, epitax-
al BiFeO3 thin films have shown an enhancement in ferroelectric
olarization and related properties, which makes an opportunity

o create film-based magnetoelectric devices [6]. Nanosized BiFeO3
owders have been reported to exhibit weak ferromagnetism at
oom temperature, which is different from the magnetic property of
ulk samples [7,8]. Furthermore, BiFeO3 nanopowders have shown
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the prominent visible-light photocatalytic activity that is ascribed
to the small bandgap and the high surface area of nanosized BiFeO3
[8,9]. These nanosize-induced properties are expected to widen the
potential applications of BiFeO3.

Various wet chemical routes have been used to prepare
BiFeO3 nanopowders, such as hydrothermal synthesis [10], co-
precipitation [11], microemulsion technique [12], combustion
synthesis [13], ferrioxalate precursor method [14], and sol–gel
process [15–17]. Among these methods, the sol–gel route is very
attractive, having the main advantage of easy control of chemical
composition. Up to now, in the sol–gel synthesis of BiFeO3 pow-
ders, the gel is built up by chemical and physical bonds between
the chemical species. We report here a polyacrylamide gel route to
prepare BiFeO3 nanopowder. In this route, the solution containing
the required cations is gelled by using acrylamide; during the gela-
tion process, acrylamide is polymerized to form a polymer network,
which provides a structural framework for the growth of particles.
We have demonstrated that this gel route allows the production of
high-quality BiFeO3 nanopowder with uniform particle size and in
spherical shape.

2. Experimental
The synthesis process of BiFeO3 nanopowder via the polyacrylamide gel method
is described as follows. In terms of the atomic ratio Bi:Fe = 1:1, stoichiometric
amounts of Bi(NO3)3·5H2O and Fe(NO3)3·9H2O were dissolved in an aqueous solu-
tion of nitric acid (1.6 mol/L). After the solution was clear and without residue, a
stoichiometric amount of ethylenediamine-tetraacetic acid (EDTA) (or citric acid),
which was used as the chelating agent to complex the cations, was added to the

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:hyang@lut.cn
dx.doi.org/10.1016/j.jallcom.2009.02.068
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olution in the molar ratio 1.5:1 respect to the cations. Subsequently an appropri-
te amount of glucose was dissolved (about 20 g in 100 ml). Finally, to the solution
ere added acrylamide monomers in the molar ratio 9:1 with respect to the cations,

ollowed by adjusting the pH value to 3 by the addition of ammonia. Every step men-
ioned above was accompanied by constant magnetic stirring to make the solution
ransparent and homogeneous. The resultant solution was heated at 80 ◦C on a hot
late to initiate the polymerization reaction, and a few minutes later a polyacry-

amide gel was formed. The gel was dried at 120 ◦C for 24 h in a thermostat drier.
he xerogel obtained was ground into powders and then submitted to calcination at
00 ◦C for 3 h. At this stage the organic phase was removed, resulting in the formation
f BiFeO3 fine powders.

Phase purity of the powder samples was examined by X-ray diffraction (XRD)
sing Cu K� radiation on a D8 Advance diffractometer. The particle morphology was

nvestigated using a JSM-6701F field-emission scanning electron microscope (FE-
EM). Fourier transform infrared (FTIR) spectroscopy studies were carried out on
Bruker IFS 66v/S spectrometer. Thermogravimetric (TG) and differential scanning

alorimetry (DSC) analyses were performed in a Netzsch STA 449C simultaneous
hermal analyzer at a heating rate of 10 ◦C/min.

. Results and discussion

The gelation of the solution is achieved by the formation of
n organic polymer network: the polyacrylamide, which provides
structural framework to hold the precursor solution in place.

here is work suggesting that the reaction of acrylamide monomers
ith the cation could influence the polymerization, consequently

mpeding formation of the gel [18]. In order to isolate the cation
rom the monomers, a chelating agent is generally used to com-
lex the cation. The most commonly used chelating agents include
DTA, citric acid and oxalic acid. During the preparation of BiFeO3
owder, we find that the proper choice of chelating agent can
esult in enhanced phase purity. Fig. 1(b) shows the XRD patterns

f BiFeO3 gel powder prepared using EDTA as the chelating agent
nd annealed at different temperatures. The xerogel dried at 120 ◦C
s amorphous in nature. BiFeO3 perovskite phase begins to form

hen calcined at 300 ◦C, and the phase formation is completed at
00 ◦C. No traces of impurity phases are visible in the XRD pattern

ig. 1. XRD patterns of BiFeO3 powder prepared separately using (a) citric acid and
b) EDTA as the chelating agent.
Fig. 2. TG/DSC curves of the xerogel prepared using EDTA as the chelating agent.

for the resultant BiFeO3 powder. Fig. 1(a) shows the XRD pattern
of BiFeO3 powder (annealed at 600 ◦C) prepared using citric acid
as the chelating agent, where additional impurity peaks including
those of Bi2O3 and Bi2Fe4O9 are clearly visible, indicating that the
use of citric acid cannot produce a phase-pure BiFeO3 product. It has
been shown that citric acid forms a dimeric complex with bismuth
(III) [19]. Due to the dimeric nature of the complex, the possible for-
mation of Bi(III)–Fe(III) heteronuclear arrangement is not expected
to become predominant [14]. EDTA as a chelating agent forms het-
erometallic polynuclear complexes in the solution, where reacting
metal atoms come into close proximity [20]. Maybe this why EDTA
offers the advantage over citric acid in the production of pure phase
BiFeO3.

Fig. 2 shows the TG/DSC curves of the xerogel, revealing three
thermal decomposition steps. The exothermic reaction at ∼180 ◦C,
accompanied by the first step weight loss, is due to decomposition
of anions NO3

−. The second exothermic reaction with a large weight
loss in the temperature range 270–360 ◦C is likely attributed to
decomposition of complexes, glucose, and side-chain of polyacry-
lamide [21]. The last exothermic weight loss at ∼447 ◦C is caused
by decomposition of polyacrylamide’s backbone and other residues
[21]. No further weight loss is detected above 450 ◦C, indicating that
the organic phase has been completely burned off. The chemical
reaction is almost finished at the sintering temperature of 450 ◦C,
resulting in the formation of BiFeO3 powder; however, a higher
annealing temperature is generally needed for enhancing phase
purity (Fig. 1(b)).

In order to produce spherical and uniform BiFeO3 particles, it is
very important to prevent the gel from drastically shrinking during
drying. Adding an amount of glucose to the precursor solution was
shown to be able to suppress the shrinkage. This can be explained
as the result of carbonization of glucose during the gel drying pro-
cess. Generally the shrinkage of the gel is expected to decrease with
the increase of the mass fraction of generated carbon. In addition,
the quantity of used acrylamide was also revealed to have great
influence on the properties of resultant BiFeO3 powder. We find
that when the used acrylamide is 9 times the amount (in mole) of
the cations, a high-quality nanopowder of BiFeO3 is allowed to be
prepared. Fig. 3(a) presents the SEM micrograph of BiFeO3 particles
prepared under the optimal conditions, showing that the particles
are almost spherical with uniform diameter around 110 nm and also

the particles are polydisperse without any agglomeration. Gener-
ally too little acrylamide used in the experiment is susceptible to
yield a BiFeO3 powder with non-uniform particle size and in irreg-
ular shape, as seen from the SEM micrograph of Fig. 3(b) (where the
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Fig. 4. FTIR spectra obtained from (a) the xerogel dried at 120 ◦C and (b) the BiFeO3

powder produced by calcining the xerogel at 600 ◦C.
ig. 3. SEM micrographs of BiFeO3 particles prepared using different amounts of
crylamide. (a) The used acrylamide is 9 times the amount (in mole) of the cations
nd (b) the acrylamide is 6 times the amount of the cations.

articles were prepared when the used acrylamide is 6 times the
mount of the cations).

Fig. 4(a) and (b) shows the FTIR spectra obtained, respectively,
rom the xerogel and the prepared BiFeO3 nanopowder. In Fig. 4(a),
umerous absorption peaks are visible and these peaks originate

rom organic phases in the xerogel. The broad absorption band
n the range of 3500–3200 cm−1 is assigned to N–H stretching
22] which may be overlapped with O–H stretching. The peak at
928 cm−1 is attributed to C–H stretching [23]. The peaks observed
t 1700 and 1650 cm−1 are ascribed to the vibration of carboxyl
roups [24]. The presence of NO3

− is evidenced by the observation
f absorption bands at 1384 and 830 cm−1 [25]. The band at around
100 cm−1 is attributed to C–O stretching vibration [23]. In the spec-
rum of Fig. 4(b), all the organic peaks are seen to disappear; instead,
wo new absorption peaks appear at 560 and 440 cm−1. The absorp-
ion features at 560 and 440 cm−1 are, respectively, attributed to the
e–O stretching and bending vibrations, being characteristics of the
ctahedral FeO6 groups in the perovskite compounds [26,27]. The
TIR spectroscopic results, as well as the XRD data (see Fig. 1(b)),

emonstrate that pure BiFeO3 phase can be obtained by calcining
he xerogel at a temperature of 600 ◦C. Generally bismuth loss is
ot expected at this low synthesis temperature; however, the high
emperature synthesis of BiFeO3 (such as the solid-state synthesis)
sually results in the evaporation loss of bismuth as well as the
Fig. 5. DSC curve of BiFeO3 nanopowder, revealing two endothermic peaks at ∼370
and ∼830 ◦C.

formation of impurity phases such as Bi2O2.75, Bi2O3 and Bi2Fe4O9
[28,29]. Fig. 5 shows the DSC curve of BiFeO3 nanopowder, iden-
tifying the two ferroic phase transitions. The endothermic peak at
∼370 ◦C is attributed to the transition from antiferromagnetism to
paramagnetism, and the endothermic peak at ∼830 ◦C is ascribed
to the ferroelectric-to-paraelectric phase transition. The transition
temperatures are basically coincided with previous reports [1–3].

4. Conclusion

In this paper, we describe a polyacrylamide gel route to pre-
pare BiFeO3 nanopowder. It is demonstrated that the present route
allows the synthesis of high-purity BiFeO3 nanopowder using EDTA
as the chelating agent. On the other hand, the particle morphology

can be much improved by adding an appropriate amount of glucose
to the precursor solution and adjusting the amount of used acry-
lamide. The BiFeO3 powder prepared under the optimal conditions
is revealed to have a uniform particle size, around 110 nm in average,
and the particles are polydisperse without any agglomeration. The
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ntiferromagnetic and ferroelectric phase transitions are evident
rom DSC measurements, indicating the multiferroic properties of
ur BiFeO3 nanoparticles.
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