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Abstract

This paper describes research on a simple low-temperature synthesis route to prepare bismuth ferrite nanopowders by the polymeric
precursor method using bismuth and iron nitrates. BiFeO; (BFO) nanopowders were characterized by means of X-ray diffraction
analyses, (XRD), Fourier transform infrared (FT-IR) spectroscopy, Raman spectroscopy (Raman), thermogravimnetric analyses (TG-
DTA), ultra-violet/vis (UV/Vis) and field emission scanning electron microscopy (FE-SEM). XRD patterns confirmed that a pure
perovskite BiFeO; structure with a rhombohedral distorted perovskite structure was obtained by heating at 850 °C for 4 hours. Typical
FT-IR spectra for BFO powders revealed the formation of a perovskite structure at high temperatures due to a metal-oxygen bond
while Raman modes indicated oxygen octahedral tilts induced by structural distortion. A homogeneous size distribution of BFO
powders obtained at 850 °C for 4 hours was verified by FE-SEM analyses.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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Its ferroelectric phase structure [7] shows huge shifts of Bi**
and Fe’* ions, as well as counter rotations of oxygen
octahedrons along the (111) direction from the non-ferro-
electric centro-symmetric cubic structure which produces the
R3c space group and a very high spontaneous electric
polarization (Ps) as calculated from the structural data. BFO
is also a multiferroic material with an antiferromagnetic
ordering which occurs below the Néel temperature (T 310
370 °C) (there are discrepancies regarding T, measured by
different authors with different methods) [8,9]. The magnetic
structure of BFO is a G-type [10] with a cycloidal spiral
arrangement of the magnetic moments of Fe** ions [11], and
the canted spins arising from the Dzyaloshinskii-Moriya (D—
M) interaction [12] result in weak ferromagnetism in BFO.
Although great achievements have been made in the prepara-
tion of BFO thin films by the pulsed-laser deposition (PLD)
method [13], it is difficult to avoid the formation of impurity
phases by the conventional solid-state reaction in bulk
materials. BFO perovskites can stabilize only within a narrow
temperature range. To date, the synthesis of single-phase BFO
crystallites or ceramics is still a challenging issue. In the solid-
state route, nitric acid leaching was required to eliminate
impurity phases such as Bi,FesO9 and BiysFeOy, after the
calcination of mixed bismuth and iron oxides [14], which
resulted in coarser powders and the poor reproducibility. Most
recently, Wang [15] and Pradhan et al. [16] prepared the pure
phase of BFO ceramics by a rapid liquid-phase sintering
technique. The required BFO crystallization temperature was
above the ferroelectric Curie temperature 7, which implies
that the volatilization of bismuth was hard to avoid. More-
over, Ghosh et al. [17] produced phase pure BFO nanopow-
ders by the tartaric acid based sol-gel method coupled with an
additional calcination process. The preparation of a polycrys-
talline pure phase BFO is reported to be difficult because of its
narrow temperature range of phase stabilization. Various
impurity phases have been reported to occur which are mainly
Comprised of BizFe409, BilZ(BiOAS Feoh5)0195 and Bi25F6040
[18]. These impurities cause a high leakage current which leads
to poor ferroelectric behavior. The most common techniques
developed for the formation of pure phase polycrystalline
BFO powders are (a) formation of a BFO solid solution with
other ABO; perovskites types such as BaTiO; [19]; (b)
calcination followed by leaching with nitric acid [20], (c)
microwave assisted hydrothermal [21]; (d) rapid liquid phase
sintering of BFO [22]; and (e) use of rather expensive but
ultrapure starting powders of Bi,O5; and Fe,O5 or with a slight
deficiency of Bi,Os5 [23].

Although several attempts have been made to prepare
BFO crystallites, few researchers have studied the forma-
tion of perovskite BFO by the polymeric precursor method
at several annealing temperatures. Our group has
expended significant effort to develop synthetic routes to
fabricate single-phase lanthanum modified BiFeO; (BFO)
powders by the polymeric precursor method [24,25]. Our
data confirmed that a perovskite phase was synthesized at
a temperature of 850 °C for 2h while infrared data
indicates no trace of carbonate. A structural phase

transition from rhombohedral to orthorhombic is observed
near x=0.30. X-ray absorption near-edge structure
(XANES) spectra revealed iron atoms in a 34 valence
state while SEM analysis confirmed structural distortion
leading to a different grain shape after the lanthanum
addition. Lower leakage current density and superior
ferroelectric hysteresis loops at room temperature were
noted with an increase in the lanthanum content. The
advantage of the soft chemical route is that nanocrystal-
lites can be synthesized at a much lower temperature with
energy saving and cost effectiveness. The overall process
consists of preparing a solution based on metallic citrate
polymerization and eliminating the organic material to
synthesize the desired phase. In this study, the effect of the
annealing temperature on the phase formation, crystal
structure and the morphology of BFO ceramics prepared
by polymeric precursor method was investigated.

2. Experimental details

Based on the polymeric precursor method (the Pechini
method) [26], the BFO synthesis procedure is associated
with the fact that certain «-hydroxycarboxylic organic
acids can form polybasic acid chelates with a wide range
of cations. After the addition of a polyethylene glycol and
heating, the chelate transforms into a polymer with a
homogeneous cation distribution. Iron (III) nitrate non-
ahydrate (Merck) and bismuth nitrate (Aldrich) were used
as raw materials. Precursor solutions of bismuth and iron
were prepared by adding the raw materials to ethylene
glycol and an aqueous citric acid concentrate under
heating and stirring. Appropriate quantities of Fe and Bi
solutions were mixed and homogenized by stirring at
90 °C. The molar ratio of metal:citric acid:ethylene glycol
was 1:4:16. In this study, an excess of 5 wt% Bi,O; was
added to the solution to compensate for unavoidable
bismuth oxide loss during thermal treatment. Without
the addition of excess bismuth oxide, a pure phase could
not be obtained [27]. Pure BFO was prepared from the
metal citrate complex which was polyesterified in ethylene
glycol. Most of the organic matter was subsequently
eliminated at temperatures as low as 300 °C, and a dark
residue containing reactive oxides with well-controlled
stoichiometry was formed. The formed porous product
was crushed and heated in an alumina crucible from 600 to
850 °C for 4 hours (BFO600, BFO700, BFO800, BFO850)
to eliminate organic material residues.

Powders were analyzed by XRD for phase determina-
tion. For Rietveld analyses, XRD data were collected with
a Rigaku 20-2000 diffractometer under the following
experimental conditions: 40 kV, 30 mA, 20° < 20 < 100,
A20=0.02°, ACu k, monochromatized by a graphite
crystal with a divergence slit of 2 mm, a reception slit of
0.6 mm and a step time of 10 s. The Rietveld analysis was
performed with the Rietveld refinement program DBWS-
941 1 [28]. A modified Thompson—Cox—Hasting pseudo-
Voigt profile function was used where 5 (the lorentzian
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fraction of the function) varies with the Gauss and Lorentz
components of the full width at half maximum. TG-DTA
analyses were carried out using a Netzsch-409 STA
apparatus with a heating rate of 20°C min~!' under
flowing air from room temperature to 1000 °C. FT-IR
spectra were recorded with a Bruker Equinox-55 instru-
ment. Raman spectra were collected using a Bruker RFS-
100/S Raman spectrometer with Fourier transform. A
1064 nm YAG laser was used as the excitation source,
and its power was maintained at 150 mW. Band gap values
were obtained using ultraviolet spectrosocopy in the visible
region curve (UV-vis—=NIR Spectrophotometer-VARIAN
Cary 500 X). Microstructural characterization was per-
formed by FE-SEM (Supra 35-VP, Carl Zeiss, Germany).

3. Results and discussion
3.1. X-ray diffraction analyses

Fig. 1 shows the diffraction patterns of thermally treated
powders at temperatures between 600 and 850 °C. The formed
perovskite must have a composition close to BiFeOs;. At the
lowest tested temperature (600 °C), a mixture of initial
precursors and a perovskite-structured material was obtained.
At 800 °C, the material is practically formed by the perovskite
phase without any traces of a secondary phase identified as
Bi,Fe, O (JCPDS 20-0836-marked with = in Fig. 1a), which is
commonly observed in this system [29]. The formation of
Bi,Fe4O9 by Bi evaporation can be ruled out. Chen et al. [30]
detected this phase after heating at 160-180 °C where Bi
evaporation is not possible. Other authors state that this phase
is a consequence of the decomposition of BiFeO;. Recently,
Selbach et al. [31] described how this secondary phase is
formed at 600-800 °C by the decomposition of BFO and
disappears at higher temperatures because Bi and Fe are
incorporated into the structure. They rule out any effect of Bi
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Fig. 1. XRD pattern of a BFO nanopowders thermally treated at (a)
600 °C (b) 700 °C (c) 800 °C and (d) 850 °C for 4 hours by the polymeric
precursor method.

evaporation as traces would exist at increased temperatures or
even in higher amounts which was not the case. Thus, a
decrease in the synthesis temperature with respect to the
temperature required by the classical solid state reaction
method (850-900 °C) [32] is obtained. The lowering of the
synthesis temperature is equivalent to sol-gel method values
[33]. Patterns show that initially a bismuth rich phase of
BiFe, O sy4 1.5, (x> y) composition forms at a temperature
of 600 °C followed by the evolution of a BiFeO; phase at
700 °C. Calcination between temperatures of 700-850 °C
suggest that the impurity phase is completely eliminated at
any of these temperatures. What is more remarkable is that
the amount of the secondary phase is considerably reduced in
samples synthesized by the polymeric precursor method (even
at low temperatures) which appears to stem from the com-
plexation process which induced effects in the samples and
enhanced the perovskite-structured BiFeO; formation.
Fig. 1(d) shows that BFO thermally treated at 850 °C for 4
hours exhibits a pure R3c structure without any impurity. The
lattice parameters calculated from XRD patterns are
a=5.6206 A and c=13.6924 A.

XRD data reveal that BiFeO; was obtained with a
rhombohedral distorted perovskite structure by the polymeric
precursor method (see Fig. 2). In this study, we have adopted
the Rietveld refinement technique to investigate the crystal
structure of BFO nanopowders. Data were collected from
powders calcinated at 850 oC for 4 hours. Table 1 illustrates
the Ryyp, Rexp and S indices as well as lattice parameters (¢ and
¢) and the unit cell volume (V). Atomic positions obtained by
Rietveld analyses belong to the ICSD card (86-1518). Quanti-
tative phase analyses of powders for the rhombohedral
distorted phase were calculated according to Young [28].
Obtained results confirm that the covalent interaction which
originates from the strong hybridization between Fe 3d and O
2p orbitals plays an important role in the structural distortion
of the BFO lattice at high temperatures. From the low S
values (S=Ryp/Rexp), it can be assumed that the refinement

Intensity (arb. units)

20 30 40 50 60 <70 80 90 100
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Fig. 2. Rietveld refinement of a BFO nanopowders thermally treated at
850 °C for 4 hours.
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Table 1
E.C. Aguiar, M.A. Ramirez, F. Moura, J.A. Varela, E.
Longo, A.Z. Simdes.

Parameter BFO
Refinement index Ry, (%) 11.12
Rexp 7.06
S 1.57
Atomic positions Al 0; 0; 0.06722
A2 0; 0; 0.21091
B1 0; 0; 12
B2 0; 0; 0.37099
o1 Va; V4, 0
02 Ya, Va; Va
03 0; 0; 0.43786
04 0; 0; 0.32536
05 Ya; Y4, 0.11165
Soce Bi (Al) 1.00000
La (Al) 0.00000
(0] 0.91700
Lattice parameter a( A) 5.6206
¢ (A) 13.6924
V(A% 374.57
t 0.915
Perovskite (mol%) 97.5+0.5
Stoichiometry BiFeO;
Refinement BiFeO, ¢

was successfully performed with all the investigated parameters
close to literature data [34].

3.2. Thermal analyses

To determine the best annealing conditions and to
evaluate the crystallization temperature necessary to
obtain a single BFO phase, thermal analyses were per-
formed. Two stages corresponding to the weight and
energy change are visible (see Fig. 3). The first character-
ized stage (25-200 °C) with a small weight loss is related to
the elimination of excess ethylene glycol and water formed
during the esterification process. The second stage (380—
650 °C) corresponds to the decomposition of polymeric
metal-carboxylate complexes and to the formation of a
metal oxide phase. The DTA curve shows two strong
exothermic peaks at around 400420 °C and 600-650 °C
which corresponds to a weight loss that must be considered
as the crystallization of the residual amorphous phase and
the decomposition of the polymeric metal-carboxylate
complexes. Preceded by the impurity phase, the formation
of BFO occurs at 580-600 °C as suggested by weight loss
as well as a weak endothermic peak in the DTA curve
which is also confirmed by XRD patterns (see Fig. 1(a)).

3.3. FT-IR, Raman and UV-vis analyses
FT-IR spectra of crystalline BFO nanopowders derived

from the polymeric precursor method are shown in Fig. 4.
The broad band at 3000-3600 cm~' is due to the
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Fig. 3. TG/DTA curves of a BFO resin thermally treated at 300 °C for 4
hours by the polymeric precursor method.
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Fig. 4. (a) FT-IR spectra of a BFO nanopowders thermally treated at (a)
600 °C (b) 700 °C (c) 800 °C and (d) 850 °C for 4 hours by the polymeric
precursor method.

antisymmetric and symmetric bond stretching of H,O
and OH ™ groups while a band at 1630 cm ™' corresponds
to bending vibrations of H,O [35]. Specifically, strong
absorptive peaks at 400-600 cm ' are attributed to the
Fe-O stretching and bending vibration which are char-
acteristics of octahedral FeOg groups in perovskite com-
pounds. The formation of a perovskite structure can be
confirmed by the presence of a metal-oxygen bond [36].
Residual water and a hydroxy group are usually detected
in the as-grown samples; further heat treatment is required
for their elimination. The hydroxylation of metal ions and
deprotonation can be accelerated by raising the solution
temperature or pressure [37]. However, there was a vibra-
tion band associated with the deformation of O-H bonds
near 1680 cm ' which is attributed to water adsorbed at
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the powder surface when the sample was in contact with
the environment. Crystallized powders were found to have
OH™ ions under the present sample preparation condi-
tions. Furthermore, the hydroxyl content was found to
decrease with increased annealing temperatures which
could be due to the vigorous action of annealing condi-
tions to remove these groups at elevated temperatures. The
band at around 830 cm ™' was due to traces of trapped
NOj ions in BFO nanopowders [38]. BFO nanopowders
contain a few traces of carbonates (C—QO vibration
around 1450 cm ~ ') independent of the annealing tempera-
ture which suggests that the nanopowder surface was in
contact with the CO, environment. This problem should
be minimized during the sample preparation since many
properties are dependent on the purity of the raw powders
(especially carbonate traces) which can result in porous
ceramics due to CO, elimination.

Raman scattering has proven to be a valuable technique
to obtain information about local structures within mate-
rials. Fig. 5a—d shows Raman spectra for BFO nanopow-
ders derived at different annealing temperatures. The
degree of order—disorder in the crystal lattice of BFO
nanopowders at short and medium distances was investi-
gated. Modes located at 212, 316, 377, 445, 537 and
635cm ™" are caused by the internal vibration of FeOg
octahedra whereas modes below 200 cm ~' must be attrib-
uted to different sites occupied by bismuth within perovs-
kite units. Bands located at 97, 120 and 145cm™! are
related to Bi atoms of the perovskite layer which corre-
sponds to a rigid layer. These modes are probably due to a
distortion in the A site caused by the bismuth ion. This
distortion into the A site of perovskite enhances the Jahn—
Teller distortion of FeOg octahedra. On the other hand,
Raman modes located above 200 cm ! are responsible for
distortions and vibrations of FeOg octahedra. As the
temperature decreases, there is a reduction in the Raman
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Fig. 5. (a) Raman spectra of a BFO nanopowders thermally treated at (a)
600 °C (b) 700 °C (c) 800 °C and (d) 850 °C for 4 hours by the polymeric
precursor method.

band intensities (mainly the mode located at 209 cm ")
which is due to Fe—O atom vibrations inside the perovskite
layer and to vibrations of Bi—O atoms within the Bi,O,
layer. The appearance of a Raman mode at low frequency
(97 cm ') is due to the Bi ion atomic mass which causes Bi
displacements in the Bi,O, layer. All Raman modes can be
indexed to the modes of a BFO molecule with a R3c
structure [39]. BFO850 and BFO800 show almost identical
curves except that the intensity of A; and E; modes for
BFO850 is significantly stronger than the intensity of BFO-
800. As indicated by Simdes et al. [40], the shift of Raman
peaks higher than 200 cm ' results from the FeOg octahe-
dron. The stronger intensity of A; and E; modes for
BFO850 can be attributed to the oxygen octahedral tilt-
induced structural distortion. Raman results are in agree-
ment with XRD data which indicates an ordered structure
at short and long distances.

Fig. 6 shows the UV-vis optical diffuse absorbance
spectra of BFO nanopowders thermally treated at different
temperatures. The respective band gap values determined
from the Kubelka model [41]. The optical energy band gap
is related to the absorbance and to the photon energy by
the following Eq. (1):

hvop(ho—Ey°™)? (1)

where o is the absorbance, / is the Planck constant, v is
the frequency and Eg™' is the optical band gap [42]. Values
obtained are 3.04, 2.97, 2.95, 2.89, respectively. Our BFO
nanopowders exhibited characteristic absorption spectra of
ordered or crystalline materials. These results indicate that
the exponential optical absorption edge and the optical
band gap are controlled by the degree of structural
disorder in the BFO lattice. This decrease in the band
gap value as the temperature increases can be ascribed to a
reduction of defects in the lattice which decreases inter-
mediary energy levels due to the reduction of oxygen
vacancies located at BOg octahedra. The main differences
in optical band gaps can be related to different factors
which mainly include: the synthesis method, shape (pow-
der, crystal or thin film) and synthesis conditions. The
reflectance significantly decreases near the excitonic
absorption edge as the temperature changes which is
related to the optical band gap. The decrease in the band
gap with increased temperature might be explained by the
suppressed tilt angle of the oxygen octahedra which
increases the Fe>*—O-Fe’* angle. Forced higher symme-
try is expected to increase the band width of occupied and
unoccupied bands which reduces the band gap [43]. The
band gap obtained in our study is higher than the reported
value of about 2.67 ¢V for bulk BiFeO; [44] which might
be due to the size effect [45].

3.4. FE-SEM analyses

The effect caused by the annealing temperature on the
morphology and shape of nanopowders was evaluated by
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method.

FE-SEM analyses (see Fig. 6). Fig. 7 Increasing the tem-
perature had a pronounced effect on the nanopowder shape
which leads to a plate-like morphology and a structural
distortion (see inset of Fig. 6d). The change in the particle
size varies from 35 to 60 nm as the temperature increases.
BFO nanopowders thermally treated at 600 °C present a rod-
like morphology with particles of around 35 nm. Rod-like
grains might originate from the anisotropic behavior of
bismuth ferrite. The nanopowder size is heterogencously
distributed with a rod-like morphology form which is
different from literature data [46]. According to the image,
most BFO nanopowders thermally treated at low tempera-
tures reveal a few large particles with an irregular shape. The
nanopowder morphology variation may indicate the forma-
tion of impurity phases. Submicron and isotropy BFO
crystallites obtained in our study are quite different from
the previous research where BFO nanopowders agglomerated
into a cube with a side size of 45 using the microwave assisted
hydrothermal (MAH) method [47]. In our case, a critical
annealing temperature existed where the formation of impur-
ity phases was favored, and the formation of pure BFO was
highly dependent upon it. Increasing the annealing tempera-
ture, causes Bi’ " and Fe’ ™ to react at high temperatures. If
temperature conditions are carefully maintained during the
experiment, neither etching of BFO crystals nor the forma-
tion of a second phase will occur. Therefore, the crystal-
lization process continued in such a way that the system was
self-stabilizing. We conjecture that the dissociation of

bismuth and iron during annealing and the formation of
ionic complexes might prevent the growth of BFO crystallites
and limit the size of BFO particles to the nanometric range.
The agglomeration process was attributed to van der Waals
forces. To reduce the surface energy, primary particles have a
tendency to form nearly spherical agglomerates in a mini-
mum surface-to-volume ratio and hence reduce surface free
energy. This type of grain structure is common in oxide,
ferrite and titanate ceramics [48].

4. Conclusions

A simple method was used to prepare pure BFO
nanopowders which are free of impurities at a temperature
of 850 °C for 4 hours. A better homogeneity of nanopow-
ders is obtained at this temperature. The stability of the
perovskite phase increases at high temperatures. A longer
annealing temperature was beneficial to inhibit the forma-
tion of any impurity phases and promote the growth of
BFO crystallites into single-phase perovskites. Rietveld
refinement reveals a rhombohedral distorted structure with
a space group of R3c. The polymeric precursor method is
important not only for the low temperature crystallization
of BFO nanopowders, but also for controlling morpholo-
gical and structural properties. Therefore, this method is
undeniably a genuine technique for low temperatures in
comparison with solid state reactions.
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Fig. 7. FE-SEM images and inset of a BFO nanopowders thermally treated at (a) 600 °C (b) 700 °C (c) 800 °C and (d) 850 °C for 4 hours by the

polymeric precursor method.
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