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BiFeO; powders were prepared by a sol-gel process at different calcination temperatures. The DTA curve shows an obvious
exothermic peak near 480.5 °C, a temperature close to the BiFeO; formation temperature, which is in agreement with the XRD
result (450 °C). Having been calcined at 600 °C for 1 h, XRD spectra has the emergence of several sharp diffraction peaks in
correspondence with the standard XRD spectrum of the crystalline BiFeOs. As the calcination temperature was increased, the
diffraction peak intensity of the XRD spectra of BiFeO; gradually was enhanced and the diffraction peaks became sharper.
There is a clear endothermic peak near 825.1 °C, which is the transition temperature from the o phase to  phase and in good
agreement with the reported Curie temperature. The average size of powders determined by XRD and TEM gradually
increases with an increase in the calcination temperature. A shell-core structure is distinctly observed in powders calcined at
400 °C.
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Introduction In this study, BFO nanopowders were prepared at
different calcination temperatures and the crystal structure
Considerable interest has been aroused by multiferroic and surface morphology were investigated.
materials, which exhibit simultaneous magnetic and
ferroelectric order, due to their potential applications Experiments
for novel storage media and spintronic devices [1-3]. In
recent years several single phase magnetoelectric Preparation
multiferroics have been identified, but bismuth ferrite BiFeO; powders were prepared by a sol-gel process.

(BiFeOs3, short form BFO) is the only material High-purity ferric nitrate nonahydrate (Fe(NO;); + 9H,0,
presently known to express coupling between magnetic >98.0%), bismuth nitrate (Bi(NO;); - 8H,O, >99.0%),
and ferroelectric order at room temperature [4-6]. Both nitric acid (HNO;, >99.5%) and ethanol (C,HsOH,

polarization (ferroelectric) ordering with a high Curie >99.7%) were used as raw materials to prepare a
temperature 7c of 1103 K and spin (antiferromagnetic) precursor solution. Firstly, 0.02 mol ferric nitrate
ordering of the G type with a magnetic transition nonahydrate, 0.02 mol bismuth nitrate and 100 ml
temperature 7y of 643 K simultaneity exist in bismuth ethanol were mixed for one hour. Secondly, making
ferrite [7-9]. dilute nitric acid with the pure nitric acid and deionized

Nanoscale materials have been widely investigated water with a volume ratio of 1:4.8. Thirdly, 15 ml
because of their unique electrical, magnetic, and optical dilute nitric acid was added dropwise to a 100 ml
properties arising from their low dimensionality and solution of ferric nitrate nonahydrate and bismuth
quantum confinement effect [10]. Since BFO was nitrate, and then stirred strongly to obtain a uniform
discovered in 1960, various techniques have been and transparent sol. The sol was aged for 24 h at room
successfully developed to synthesize BFO powders, temperature and then was dried in an oven at 60 °C for
such as solid-state synthesis [11], co-precipitation [9], 48 hours to obtain the xerogel. The gel was calcined at
hydrothermal synthesis [10], and sol-gel synthesis [2, different temperatures for 0.5 hour and ground to get

12]. In the sol-gel synthesis of BFO, the sol is usually BiFeO; powders.
prepared by a citric acid route [13]. In order to

compensate for the evaporation loss of bismuth during Characterization
the post-annealing process, an excess source of bismuth Thermal analyses of the dry gels were performed
is usually added to the solution. based on a thermal analyzer (TG-DTA, JCR-2 China)

at temperatures ranging from 0°C to 1000 °C at a
heating rate of 10 K minute’. Al,O; was used as a

*%’lrfefggg‘;i‘é%ggt;‘:% reference material and for sample holders.
Fax: 486 23 6502 3706 ~ X-ray diffraction (XRD, XD-3 China) was uged to
E-mail: chlfu@126.com identify the phase of powders and the particle size of
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the powders was calculated through the Scherrer formula.
Transmission electron microscopy (TEM, Hitachi H-
7500 Japan) was used to observe the powder surface
morphology and estimate the particle size.

Results and Discussions

TG-DTA analysis

The results of thermogravimetric and differential
thermal analysis (TG-DTA) of BFO dried gels are
shown in Fig. 1. When the heating temperature is
below 200 °C, the solvent in the dry gel is volatile,
corresponding to the endothermic peak near 139.7 °C
in the DTA curve. With an increase in the temperature,
the exothermic peak appears near 187.7 °C, mainly due
to thermal decomposition or combustion of nitrogenous
substances, and the release of nitrogen gas along with
14.44% weight loss peak. When the temperature is
further increased to 300 °C, the strongest exothermic
peak (266.4°C) and maximum weight loss peak
(18.28%) appear, indicating that the main reaction of
the dry gel occurs in the temperature range of
200 ~ 300 °C. The gaseous material mainly contains
carbon dioxide, due to the decomposition and
combustion of organic matter, and linear C, H, O
organic molecules. The TG curve still has a small
amount of weight loss within 300 ~ 480.5 °C, and
then the quality of the sample no longer changed
significantly with a further temperature increase,
indicating that the decomposition of organics finishes
before 480 °C. An obvious exothermic peak appears
near 480.5°C, a temperature close to the BiFeO;
formation temperature, indicating that BiFeO; of the
perovskite phase can form nanoparticles at 480.5 °C in
the present experiment. There is a clear endothermic
peak near 825.1 °C, which is the transition temperature
of the o phase to f phase from a knowledge of the
phase diagram and in good agreement with the reported
Curie temperature (830 °C).
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Fig. 1. TG-DTA curves of BiFeO; dry gel.
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X-ray diffraction

Fig. 2 are the XRD patterns of BFO powder samples
calcined at 400 °C, 450 °C, 500 °C, 600 °C, 700 °C and
800 °C for 1 h. It can be seen that the crystalline phase
has appeared at 400 °C. It should be noticed that the
crystalline phases are Bi,Fe;Oo and Bi,O;, but no
BiFeOs;. With an increase in the temperature, the
degree of crystallinity is improved, and the phase
becomes more and more complex. Powder samples
calcined at 450 °C show weak diffraction peaks of the
BiFeOs; phase, but most of the diffraction peaks of
other phases remain, indicating that the solid phase
reaction already began to generate BiFeO; at this
temperature. This result is in agreement with the TG-
DTA analysis. Having been calcined at 600 °C for
1 h, the XRD spectrum shows the emergence of
several sharp diffraction peaks, in accordance with the
standard XRD spectrum of the crystal BiFeOs. All of
these peaks can be ascribed to the diamond-shaped
distorted perovskite BiFeO;, without impurity peaks.
According to the standard XRD spectrum, the crystal
structure of the samples are distorted perovskite structure
of diamond and belong to the R3¢ (161) group. As the
calcination temperature was increased, the diffraction
peak intensity of the XRD spectra of BiFeO;
gradually was improved and the diffraction peaks
became sharper, indicating that the grain size gradually
was enlarged.

The grain size is an important structural parameter of
nanomaterials. The width of the Bragg reflection in a
standard X-ray diffraction pattern provides information
on the average grain size. The XRD peak broadening
can measure the crystallite size in a direction
perpendicular to the crystallographic plane, if the
broadening arises entirely as a result of the size effect.
The crystallite size can be evaluated measuring the full
width at half maximum (FWHM) according to the
Scherrer formula [14-16]:
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Fig. 2. XRD patterns of BFO powders calcined at different

temperatures.
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Fig. 3. Particle sizes of BFO powders calcined at different
temperatures.

D=KMNpcosH (D

where D is the crystallite size (nm), K the shape
factor (0.89), A the wavelength of the X-rays
(L=1.54056 A for Cu Ka radiation), B the FWHM
(rad) and 6 the Bragg’s diffraction angle (°). The
average sizes of the powders calculated by Eq. 1 are
shown in Fig. 3. This indicates that the particle sizes of
BFO powders prepared by the sol-gel method are in the
range of 25 nm and 65 nm. Moreover, the particle size
gradually increases with an increase of the calcination
temperature.

Transmission electron microscopy

Fig. 4 shows the TEM micrographs of the BFO
powders prepared at different calcination temperatures.
It can be seen that the average particle sizes of the
BFO powders calcined at 400 °C, 600 °C and 800 °C
are about 30 nm, 50 nm and 900 nm respectively. The
results of the particle size of powders determined by
XRD and TEM are similar. That is to say, the average
size of powder was enlarged with an increase in the
calcination temperature. However, there is an obvious
difference between the numerical values of the
particle sizes determined by XRD and TEM. This is
probably because that the powders were dispersed
incompletely before they were observed by TEM.

It is interesting that there is shell-core structure in
Fig. 4(a). According to the forementioned XRD results,
it can be concluded that they are Bi,O; coated BiFe Oy
composites. However, Bi,O; and Bi,Fe,O9 turned into
the BiFeO; phase when powders were calcined at
600 °C or 800°C. And then, the shell-core structure
vanished, as shown in Fig. 4(b) and (c).

Conclusions

In the DTA curve an obvious exothermic peak near
480.5 °C indicates that BiFeOs of the perovskite phase
can form nanoparticles at 480.5 °C in the present
experiment. Powder samples calcined at 450 °C show
weak diffraction peaks of the BiFeO; phase, but most
of the diffraction peaks of the other phases remain,
indicating that the solid phase reaction already began to

Fig. 4. TEM micrographs of BFO powders calcined at different temperatures: (a) 400 °C, (b) 600 °C, (c) 800 °C.
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generate BiFeOs; at this temperature. After calcining at
600 °C for 1 h, the XRD spectrum shows the emergence
of several sharp diffraction peaks, similar to the standard
XRD spectrum of crystalline BiFeO;. As the calcination
temperature was increased, the diffraction peak intensity
of the XRD spectra of BiFeO; was gradually improved
and the diffraction peaks became sharper. There is a
clear endothermic peak near 825.1°C, which is the
phase transition temperature o-f3 from a knowledge of
the phase diagram and in good agreement with the
reported Curie temperature. The average size of the
powder gradually increased with an increase in the
calcination temperature. A shell-core structure was
observed in powders calcined at 400 °C.
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