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a b s t r a c t

Pure BiFeO3 nanopowders were synthesized through microwave-induced solid-state decomposition of
Bi[Fe(CN)6]·5H2O precursor in the presence of CuO powder as strong microwave absorber within a very
short reaction time of 6 min. The product was characterized by a variety of techniques such as TGA–DTA,
XRD, FT-IR, Raman spectroscopy, SEM, TEM, EDX, UV–vis spectroscopy and magnetic measurement. The
magnetic measurement confirms that the product shows a weak ferromagnetic order at room tempera-
eywords:
anopowder
iFeO3

hemical synthesis
erovskite-type oxide
ultiferroic materials
icrowave heating

ture, which may be ascribed to the size confinement effect. The DTA and DSC results confirm multiferroic
nature of the prepared BiFeO3 nanopowder with Neel temperature at 371 ◦C and Curie temperature at
830 ◦C. The BiFeO3 prepared by this method could be an appropriate visible-light photocatalytic material
due to a strong absorption band in the visible region. In comparison with other reported method, this
method is simple, fast and energy efficient and resulted in smaller nanoparticles with an average size
about 10 nm.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Multiferroic materials, which exhibit both ferroelectric and
agnetic ordering, have been investigated intensively during the

ast decade due to their potential applications for novel mag-
etoelectric devices and for exploring fundamental science in
he coupling mechanism between electronic and magnetic order
arameters [1–3]. Among all multiferroics, BiFeO3 that exhibits
he coexistence of ferroelectric and antiferromagnetic orders above
oom temperature has received great attention due to its rela-
ively high Neel temperature (TN ∼ 375 ◦C) and Curie temperature
TC ∼ 830–850 ◦C) [4]. Because of this magnetoelectric coupling,
iFeO3 based systems may be used to develop novel applications

n the field of radio, television, microwave and satellite communi-
ation, bubble memory devices, audio-video and digital recording
5–8]. However, multiferroic properties and potential applications
f BiFeO3 were greatly hampered by the leakage current arising

rom impurities, defects or nonstoichiometry, which is mainly due
o the difficulty in preparing pure BiFeO3 phase [9,10].

It is well known that BiFeO3 nanostructures exhibit unique elec-
rical, magnetic, and optical properties due to their low dimension-

∗ Corresponding author. Tel.: +98 661 2202782; fax: +98 661 6200098.
E-mail address: sfarhad2001@yahoo.com (S. Farhadi).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.05.029
ality and quantum confinement effect which is different from the
properties of bulk samples [11]. Furthermore, BiFeO3 nanopowder
has shown the prominent visible-light photocatalytic activity that
is ascribed to the small band gap and the high surface area of nano-
sized BiFeO3 [11]. These nanosize-induced properties are expected
to widen the potential applications of BiFeO3. Although BiFeO3
powders have been synthesized by solid-state reaction of Bi2O3
and Fe2O3 at temperature greater than 800 ◦C with the help of nitric
acid leaching out the unavoidable impurities, such as Bi2Fe4O9 and
Bi25FeO40 [12–16] but synthesizing the pure single-phase nano-
sized BiFeO3 is difficult through this simple traditional route.

In recent years various wet chemical methods have been
developed to prepare BiFeO3 nanopowders, such as hydrother-
mal synthesis [17–20], coprecipitation [21], sonochemical and
microemulsion techniques [22], combustion synthesis [23–25],
ferrioxalate precursor method [26], sol–gel process [27–31], poly-
meric precursor method [32,33], mechanochemical synthesis [34],
EDTA complexing gel process [35], polyacrylamide gel route [36],
molten-salt method [37], and tartaric acid-assisted gel strategy
[38]. However, each of these methods has its own advantages and

limitations. From a practical viewpoint, the development of sim-
pler, energy efficient and environmentally benign procedures to
obtain BiFeO3 nanopowder with a regular morphology and a homo-
geneous chemical composition under milder conditions is still an
active area of research.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:sfarhad2001@yahoo.com
dx.doi.org/10.1016/j.jallcom.2010.05.029
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One of the most promising techniques to overcome the above
entioned problems to be the use of microwave heating. This

echnique offers several unique advantages and significant mer-
ts such as easy workup, rapid volumetric heating, high reaction
ate, short reaction time, energy saving and production of inorganic
anopowder with narrow size distribution over other methods
39,40]. Various inorganic nanomaterials have been synthesized
sing microwave irradiation technique for different applications
41–49]. In this context, we have prepared perovskite-type LaFeO3
nd LaCoO3 nanopowders via microwave-assisted decomposition
f La[Fe(CN)6]·5H2O and La[Co(CN)6]·5H2O precursors, respec-
ively [50,51].

As a new method, in this paper we report a fast, sim-
le and clean route to prepare BiFeO3 nanopowder in pure
hase through microwave-induced solid-state decomposition of
i[Fe(CN)6]·5H2O as a novel precursor. The product was iden-
ified by X-ray diffraction (XRD), Fourier-transformed infrared
pectroscopy (FT-IR), Raman spectroscopy, UV–vis spectroscopy,
canning electron microscopy (SEM), transmission electron
icroscopy (TEM), energy-dispersive X-ray spectroscopy (EDX),

hermal analyses (DTA–DSC) and vibrating sample magnetometry
VSM).

. Experimental

.1. Preparation of Bi[Fe(CN)6]·5H2O precursor

Bi[Fe(CN)6]·5H2O precursor was synthesized on the basis of reported method
or Ln[Fe(CN)6]·5H2O complexes with minor modification as follows [52].
i(NO3)3·5H2O (20 mmol) was dissolved in 20 mL of water in the presence of 3 mol/L
NO3 and mixed with K3[Fe(CN)6] (20 mmol) dissolved in 20 mL of water under
ontinuous stirring. The mixture was stirred at room temperature for 30 min. The
esulting brownish precipitate was separated and washed with water, ethanol, and
iethyl ether and dried in air.

.2. Preparation of BiFeO3 nanopowder

To prepare BiFeO3 nanopowder, the Bi[Fe(CN)6]·5H2O precursor powder (1 g)
as taken in a small porcelain crucible and was placed in the middle of another

arger porcelain crucible filled with CuO powder as a secondary microwave
bsorber. This assembly was then exposed to microwaves in a microwave cav-
ty (LG–intellowave, 900 W, 2.45 GHz) operated at the power level of 360 W
40%) in air. During microwave irradiation with 300 W output, the CuO powder
ecame fully red hot and its temperature was elevated from room temperature
o 620 ◦C, as measured by quickly inserting of a chromel–alumel thermocouple
nto the reaction mixture. At the same time, decomposition of the precursor pow-
er was initiated which was completed after an irradiation time of 6 min. The
ecomposition product was cooled to room temperature and collected for the
haracterization.

.3. Characterization

The crystal structure and phase compositions of the obtained product were
dentified with a Bruker D4 Advance X-ray diffractometer using Cu K� radiation
� = 0.15418 nm). Infrared spectra were recorded on a Schimadzu system FT-IR
60 spectrophotometer using KBr pellets. Thermogravimetry (TG) of precursor and
ifferential thermal analysis-differential scanning calorimetry (DTA–DSC) of prod-
ct were performed in a Netzsch STA 409 PC/PG simultaneous thermal analyzer
t a heating rate of 10 ◦C/min. Raman spectrum measurement was carried out
n a Spex 1403 Raman spectrometer. Optical absorption spectrum was recorded
n a Shimadzu 1650PC UV–Vis spectrophotometer with the wavelength rang of
00–700 nm at room temperature. The sample for UV–vis studies was well dis-
ersed in distilled water to form a homogeneous suspension by sonicating for
5 min. The powder morphology was observed by a scanning electron micro-
cope (SEM, Philips XL-30) equipped with a link energy-dispersive X-ray (EDX)
nalyzer. The particle size was determined by a transmission electron micro-
cope (TEM, LEO-906E) at an accelerating voltage of 80 kV. A vibrating sample
agnetometer (VSM) was used to measure the magnetic properties of BiFeO3

anopowder.
. Results and discussion

In order to use microwave energy at least one of the reac-
ants should be a microwave absorber. In the present study, BiFeO3
Fig. 1. TGA curve of Bi[Fe(CN)6]·5H2O precursor.

nanopowder was prepared through microwave-induced decom-
position of Bi[Fe(CN)6]·5H2O precursor in the presence of CuO. In
a control experiment, the Bi[Fe(CN)6]·5H2O remained unchanged
after 25 min of irradiation without CuO, confirming that this mate-
rial does not absorb microwaves and needs to a secondary absorber
such as CuO. Under this condition, the microwave radiation is
mainly absorbed by the CuO powder, so that its temperature went
up abruptly from room temperature to 620 ◦C. The precursor sam-
ple is then decomposed by the hot heating medium of CuO at 620 ◦C
and the ultrafine BiFeO3 powder was obtained within several min-
utes. It seems that the decomposition of Bi[Fe(CN)6]·5H2O was
accompanied by the evolution of various gases (such as CO2, NOx

and water vapor) and this gas evolution resulted in a ultrafine pow-
der. The microwave reaction involved in the formation of BiFeO3 is

as follows:Bi[Fe(CN)6] · 5H2O
MW+CuO−→

solid-state decomposition
BiFeO3 + 6CO2 +

6NOx + 5H2O
In order to investigate the thermal behavior of the precursor, its

thermogravimetric analysis was shown in Fig. 1. From TGA curve,
two major distinct weight losses are observed. The first major
weight loss occurs at 110–225 ◦C is attributed to the evaporation of
five molecules of crystalline water. The second major weight loss
starts at 260 ◦C and followed by a gradual weight loss until 600 ◦C
is due to the decomposition of the cyanide groups. The weight
losses of these two steps to be 17% and 21%, respectively, which are
close to the theoretical values. The total weight loss is about 38%,
which is close to the theoretical value (38.54%) for the formation
of BiFeO3 according with the above chemical equation. Further-
more, this finding confirms the composition of Bi[Fe(CN)6]·5H2O
precursor.

Fig. 2 shows the XRD patterns of the Bi[Fe(CN)6]·5H2O pre-
cursor complex and its decomposition product. The XRD pattern
for the complex (Fig. 2(a)) is similar with those that reported
in literature for La[Fe(CN)6]·5H2O (JCPDS File No. 25-1198) and
La[Co(CN)6]·5H2O (JCPDS File No. 36-0674), revealing that the
structure of Bi[Fe(CN)6]·4H2O is identical with these well known
complexes [52]. Fig. 2(b) shows the XRD pattern of the obtained
product from the decomposition of Bi[Fe(CN)6]·5H2O. From the
comparison with Fig. 2(a), it is very clearly evident that all diffrac-
tion peaks related to the precursor were disappeared and new
peaks were observed. The observed peaks can be readily attributed
to the pure rhombohedrally distorted perovskite-type BiFeO3 with
lattice parameters of a = b = 5.576 Å and c = 13.867 Å [space group:
R3c (No. 161)], which are in good agreement with the reported

data (JCPDS, File No. 86-1518). The slight splitting of peak at 2� = 32
confirms rhombohedral symmetry of BiFeO3. The diffraction angle
and intensity of the characteristic peaks are well consistent with
those of the standard JCPDS card of BiFeO3. No characteristic XRD
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ig. 2. XRD pattern of (a) Bi[Fe(CN)6]·5H2O precursor and (b) BiFeO3 nanopowder.

eaks of possible impurity phases such as Fe2O3, Bi2O3, Bi2Fe4O9,
i25FeO40 and unreacted precursor were observed, indicating the
reparation of pure single-phase BiFeO3 by this method. It can
e seen from Fig. 2(b) that the diffraction peaks are markedly
roadened due to the small size effect of the particles. The aver-
ge crystallite size obtained from the Debye–Scherrer formula is

10 nm [53].

The FT-IR spectra of Bi[Fe(CN)6]·5H2O precursor and its product
re shown in Fig. 3. In the FT-IR spectrum of precursor (Fig. 3(a)),
he sharp band at about 2140 cm−1 is attributed to the stretch-

ig. 3. FT-IR spectra of (a) Bi[Fe(CN)6]·5H2O precursor and (b) BiFeO3 nanopowder.
Fig. 4. Raman spectrum of BiFeO3 nanopowder.

ing of C N groups while the bands at 400–600 cm−1 are related
to the vibrations of Fe–CN bonds [54]. Also, the broad band at
3000–3600 cm−1 and a band at about 1625 cm−1 are corresponded
to the stretching and bending vibrations of the lattice water
molecules, respectively [54]. As can be seen in Fig. 3(b), all of
these bands were eliminated after the microwave-assisted decom-
position of this precursor. In the FT-IR spectrum of the product
(Fig. 3(b)), two strong bands around 560 and 440 cm−1 are related
to the Fe–O stretching and bending vibrations, respectively, being
characteristics of the octahedral FeO6 groups in the perovskite com-
pounds [55].

Fig. 4 exhibits Raman spectrum of the obtained BiFeO3
nanopowder in the range of 100–600 cm−1. There are character-
istic lines at around 130, 170, 220, 250, 275, 295, 345, 375, 415,
470, 490 and 580 cm−1 in the Raman spectrum of product, which
are similar to those of BiFeO3 reported in the literature [32,34]. On
the other hand, the widening of these lines suggests that the size
of particles is very small [56].

The morphologies of Bi[Fe(CN)6]·5H2O and its decomposition
product were investigated by SEM as shown in Fig. 5. The SEM
micrograph of Bi[Fe(CN)6]·5H2O powder in Fig. 5(a) shows that it
was made of large polyhedron crystals with sharp edges up to 3 �m
in size. The SEM micrograph of the product powder in Fig. 5(b)
clearly shows that the shape and morphology of the BiFeO3 is quite
different with that of its precursor complex. As can be seen, the large
polyhedron grains of precursor were completely disrupted and
extremely fine particles which loosely aggregated were appeared.
Because of the extremely small dimensions and high surface energy
of the obtained BiFeO3 particles, it is easy for them to aggregate as
seen in Fig. 5(b).

The EDX microanalysis was performed in situ by selecting sin-
gle particles randomly in the SEM image (Fig. 6). The atomic
proportions of Bi and Fe in the powder determined by EDX are
49.72% and 50.28%, respectively. The ratio of Bi and Fe is almost
1:1, further demonstrating that pure BiFeO3 phase was synthe-
sized successfully and Bi-rich phases such as Bi2Fe4O9, Bi25FeO40
and Bi36Fe24O57 were not formed. The EDX spectroscopy can-
not determine the atomic proportion of light element such as
oxygen.

TEM image of the BiFeO3 powder is presented in Fig. 7. The
TEM image reveals that the powder is composed of aggregated
semi-spherical nanoparticles with an average size about 10 nm.
This is consistent with the average size obtained from the XRD
pattern.
UV–vis spectroscopy has been employed to characterize the
optical properties of the BiFeO3 nanopowder. Fig. 8 represents
the optical absorption spectrum of the BiFeO3 nanopowder with
a relatively strong absorption band in the visible region, indicat-



442 S. Farhadi, N. Rashidi / Journal of Alloys and Compounds 503 (2010) 439–444

F
d

i
b
b
t
b
w
a
i
g
z
c

Fig. 7. TEM image of BiFeO3 nanopowder.

which is quite different from the linear magnetization–magnetic
field relationship in the bulk [19]. The similar ferromagnetic
phenomenon was also observed for other BiFeO3 nanostructures
ig. 5. SEM micrographs of (a) Bi[Fe(CN)6]·5H2O precursor and (b) BiFeO3 nanopow-
er (scale bars = 1 �m).

ng that the BiFeO3 nanopowder prepared by this method could
e a kind of visible-light photocatalytic material. This absorption
and is attributed to the electronic transition from the valence band
o conduction band (O2−

2p → Fe3+
3d) in BiFeO3 lattice. The optical

and gap, Eg, can be determined by the equation (Ah�)2 = B(h� − Eg),
here h� is the photo energy in eV, A is the absorption coefficient,

nd B is a constant relative to the material [57]. The inset of Fig. 8
ndicates the (Ah�)2–h� curve for the sample in which energy band

ap determined by extrapolating the linear portion of this curve to
ero. The Eg for the BiFeO3 nanopowder is about 2.2 eV, which is
onsistent with previous reports [11,20].

Fig. 6. EDX spectrum of BiFeO3 nanopowder.
Fig. 8. Optical absorption spectrum of BiFeO3 nanopowder.

Fig. 9 shows the variation of magnetization of the BiFeO3
nanopowder with an applied magnetic field. A typical magnetic
hysteresis loop was observed, indicating that the BiFeO3 nanopow-
der shows a weak ferromagnetic order at room temperature,
[10,11,17,31,38]. The origin of the weak ferromagnetic property

Fig. 9. Magnetization–field hysteresis loop of BiFeO3 nanopowder at room temper-
ature.
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ig. 10. DTA–DSC curve of BiFeO3 nanopowder in two temperature intervals: (a)
00–400 ◦C and (b) 600–900 ◦C.

ay be attributed to the size confinement effect of the BiFeO3
anopowder [11,38].

DTA–DSC thermal analysis was performed on the BiFeO3
anopowder to determine its Neel and Curie temperatures. The
esult of DTA–DSC measurements in two temperature intervals
f 300–500 and 600–900 ◦C are shown in Fig. 10. The peak at
bout 371 ◦C in Fig. 10(a) is related to a magnetic phase transi-
ion (Neel temperature, TN) and the distinct peak at around 830 ◦C
n Fig. 10(b) is attributed to the ferroelectric-to-paraelectric phase
ransition (Curie temperature, TC) of the BiFeO3 nanopowder. The
eel and Curie temperatures of our sample are consistent with
revious reports [17,33,35,36]. The DTA and DSC results confirm
he multiferroic properties of our BiFeO3 nanopowder, because it
resents the almost same Neel temperature (TN) and ferroelectric
urie temperature (TC) as those of bulk BiFeO3. However, there is
o agreement on the values of the Neel and Curie points for BiFeO3
eported by various research groups [17,24,38]. It seems that these
emperatures could vary slightly depending on the processing con-
itions.

. Conclusions

In conclusion, in this paper pure BiFeO3 nanopowders with
verage particle size of 10 nm have been successfully synthe-
ized through the decomposition of the Bi[Fe(CN)6]·5H2O precursor
nder microwave heating in the presence of CuO as the sec-
ndary heater at 620 ◦C. The preparation of single-phase BiFeO3

ith smaller nanoparticles and shorter reaction time are the sig-
ificant advantages of this simple and novel method as compared
ith other reported methods. BiFeO3 nanopowder prepared by this
ethod showed a weak ferromagnetic order at room temperature

nd could be a promising visible-light photocatalytic material due

[

[
[
[
[

d Compounds 503 (2010) 439–444 443

to a strong absorption band in the visible region. Study on the
photocatalytic applications of BiFeO3 nanopowder prepared in this
work and also the thermal decomposition of the Bi[Fe(CN)6]·5H2O
precursor under conventional heating at various temperatures are
now in progress in our laboratory.
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