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Abstract

Bismuth titanate templates (Bi4Ti3O12) were synthesized by the molten salt method in Na2SO4 and K2SO4 fluxes, using an amorphous
Bi4Ti3O12 precursor and a mechanically mixed Bi2O3þTiO2 mixture as the starting materials. The templates were characterized by means of
X-Ray Diffraction, FT-IR, FT-Raman, FEG-SEM and TEM. The templates are free of secondary phases and present orthorhombic structure with
orientation in the c-plane. FT-IR suggests no traces of sulfate groups revealing that the molten salt synthesis was beneficial for elimination of
inorganic species and for the arrangement of individual nanocrystals into ordered lattices. FEG-SEM analyses of BIT templates revealed that most
of the grains were homogeneous with a length of 3.1 mm and a width of 0.3 mm and had plate-like morphology. TEM investigations show that the
c-axis of the perovskite units is parallel to the thickness direction of the grains and no liquid-phase was formed during BIT phase formation.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Bismuth titanate (Bi4Ti3O12) is a well-known member of the
bismuth oxide layer structure ferroelectrics. It is a candidate for
high-temperature piezoelectric applications, memory storage,
and optical displays because of its high Curie temperature of
675 1C [1–3] and electrooptic switching behavior [4–12,13].
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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Its structure is formed by Bi2O2 layers separated by Bi2Ti3O12

layer with orthorhombic structure at room temperature. Due to
the fact that it is a lead free structure, it has attracted much
attention in recent years [1–4,14,15]. The pseudo-
orthorhombic BIT unit possesses the lattice parameters of
a=0.5450, b=0.54059, and c=3.2832 nm, and exhibits spon-
taneous polarizations Ps=50 and 4 μC/cm2 along a- and c-axis,
respectively [13–16]. During the sintering process, Bi2O3 can
volatilize and then affect the ferroelectric properties of
Bi4Ti3O12 phase. As Bi2O3 is an ionic conductor, it is
necessary to control its loss by adding excess of bismuth
during thermal treatment due to the fact that its electrical
ghts reserved.

www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.02.091
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.ceramint.2013.02.091&domain=pdf
www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.02.091
dx.doi.org/10.1016/j.ceramint.2013.02.091
dx.doi.org/10.1016/j.ceramint.2013.02.091
mailto:gabi.ranieri@ig.com.br
mailto:alezipo@yahoo.com


M.G.A. Ranieri et al. / Ceramics International 39 (2013) 7291–72967292
properties such as remanent polarization, coercive field, dielec-
tric permittivity and Curie temperature (Tc) are highly affected
[1,2,16].

The unit cell of this compound is orthorhombic allowing
both 1801 domain switching (switching in sign of the a axis)
and 901 domain switching (interchanging of the a and b axes).
In typical bismuth titanate textures arising from hot pressing or
tape casting, the possible polarization directions and ferroelas-
tic distortions are aligned in a plane normal to the axis of fiber
symmetry. The main objective of the orientation engineering is
to obtain a–b plane oriented BIT ceramics. Highly c-plane
orientated BIT-type ceramics are reported by mechanical force,
but the texture degree of a–b plane is not mentioned [18]. It is
also reported that the high electrical conductivity in the a–b
plane makes poling difficult [19]. The main focus of this work
is to prepare high-purity and anisotropic BIT crystals as
growth templates by the molten salt method and evaluate its
structure, morphology and purity [6].

Small proportions of templates are used (5–10 wt%) for
making textured ceramics. In this process, the orientation of
the texture ceramic is determined by aligning a small percen-
tage of anisometric grains. A mixture of the larger “template”
particles and fine powder is oriented by a shear process (e.g.,
tape casting or extrusion) and sintered to produce a dense
ceramic. Subsequent grain growth increases the orientation of
the ceramic by the preferential growth of the template particles
to yield a highly textured ceramic [6].

Platelets-shaped particles of BIT, made by molten salt synthesis,
can be oriented by tape casting. The platelets are apparently single
crystals (monoclinic at room temperature) with the c-axis perpen-
dicular to the major face. Appropriate processing orients the
crystals along the c-axis, face to face [12,20]. Molten salt synthesis
is a suitable method for synthesizing oxide powders with
anisotropic particle morphologies [21]. Kimura et al. [21] con-
ducted a study on the influence of the types of salts on the
morphology and size of templates (BIT). For the molten salt
synthesis, the templates were obtained using a mixture
NaClþKClþNa2SO4 and also Li2SO4 �H2O. In the fused salt
synthesis of Bi4Ti3O12 and Bi2WO6 the shape of particles is
determined by two processes, the formation of compound particles
and their growth. In the former process, plate-like particles were
formed in the chloride flux irrespective of the oxides but the
particle shape depended on the oxide in the sulfate flux. In the
latter process, however, the particles with well-developed (001)
faces were formed regardless of the oxide and flux systems. The
final morphologies characterized by plate like (Bi4Ti3O12 from
both fluxes and Bi2WO6 from chloride flux) or oblate (Bi2WO6

from sulfate flux) particles would indicate that both the chloride
and sulfate fluxes have a (001)-stabilizing effect. The chloride flux
appears to have a larger stabilizing effect than the sulfate flux,
because plate-like primary particles were formed during the
formation process. Kan et al. [1] reported that the mole ratio (M)
of the sulfate flux to Bi4Ti3012 showed a remarkable influence on
the growth rate of Bi4Ti3O12 platelets. When M was increased
from 7.9 to 15.8 and 23.7, the growth rate of Bi4Ti3O12

particles declined. The main focus of this work is to prepare
high-purity and anisotropic BIT crystal as growth templates by the
molten salt methods and evaluate its structure, morphology and
purity.

2. Experimental

Bi4Ti3O12 powders (with 10 wt% of bismuth excess) were
prepared by a solid state reaction. In this work, 10 wt% of
bismuth excess was added to minimize bismuth loss during
thermal treatment. Without this additional bismuth the pure
phase could not be obtained, as was reported in the literature
[22]. The following reagents were employed: Bi2O3 (98.0%,
Vetec), TiO2 (98.5%, Labsynth), Na2SO4 (99.0%, Labsynth)
and K2SO4 (99.0%, Labsynth).
The precursor powder was obtained by milling

(Bi2O3þTiO2) for 2 h in a high energy mill followed by
calcination at 500 1C/1 h. The resultant powder was amor-
phous bismuth titanate. Bi4Ti3O12 templates were prepared by
a molten-salt method [1]. Amorphous Bi4Ti3O12 powder and
Na2SO4/K2SO4 eutectic mixture were mixed in a sealed
alumina crucible and heated at 1000 1C for 0.5 h in a ratio
of 2BIT:1Na2SO4:1K2SO4. After slowly cooling to room
temperature, the reaction product was separated by centrifuga-
tion and washed several times with hot de-ionized water to
remove the sulfate salts, and then dried at 100 1C.

2.1. Characterization

Powders were first analyzed by X-ray diffraction (XRD) for
phase determination. X-ray diffraction data were collected with
a Rigaku 20-2000 diffractometer under the following experi-
mental conditions: 40 kV, 30 mA, 201≤2θ≤601, Δ2θ¼0.021,
λCu kα monochromatized by a graphite crystal, divergence
slit¼2 mm, reception slit¼0.6 mm, and step time¼10 s. For
comparison, a standard XRD pattern of BIT phase obtained
from the Crystallographica Search-Match is presented. Infrared
spectroscopy (FT-IR) was employed to investigate the composi-
tion of the templates. Measurements were made by diffuse
reflectance (DRIFT) directly from the sample without dilution
in KBr. The equipment is an FTIR Vertex 70 (Bruker), 4000–400
spectra. Raman spectroscopy is a widely used method for
characterizing materials. This technique allows us to identify
the types of links and provide information on the degree of
disorder of the crystal lattice. In this work, measurements were
performed on a Fourier transform spectrometer, RFS 100/S,
excited by Nd-YAG laser. The morphology of as-prepared
samples was observed using a high resolution field-emission
gun scanning electron microscopy FEG-SEM (Supra 35-VP, Carl
Zeiss, Germany). Specimens for TEM were obtained by drying
droplets of as-prepared samples from an ethanolic dispersion
which had been sonicated for 5 min onto 300 mesh Cu grids.
TEM, HRTEM images and SAD patterns were then taken at an
accelerating voltage of 200 kV on a Philips model CM 200
instrument. Three measurements were performed to determine the
average size of templates in a field emission gun microscope.
Bi4Ti3O12 templates obtained were plate-like with a width of
(0.3±0.2) mm and a length of (3.1±1.7) mm. All measurements
were taken at room temperature.
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Fig. 1. (a) X-ray diffraction pattern of BIT templates obtained by the molten
salt method at 1000 1C for 0.5 h and (b) X-ray diffraction pattern of BIT phase
obtained in the Crystallographic Search-Match program.
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Fig. 2. FT-IR spectrum of BIT templates obtained by the molten salt method at
1000 1C for 0.5 h.

M.G.A. Ranieri et al. / Ceramics International 39 (2013) 7291–7296 7293
3. Results and discussion

The crystallinity and phase formation of bismuth titanate
templates calcined at 1000 1C—0.5 h was evaluated by X-ray
diffraction (Fig. 1a). The templates are free of secondary
phases and present orthorhombic structure. The peaks are
indicative of a textured phase with orientation in the c-plane,
mainly characterized by higher intense peak (hkl—00l). Our
XRD results are in agreement with the data reported in the
Crystallographic Search-Match program (Fig. 1b). We can
infer that the molten salt synthesis allows to obtain BIT
templates free of impurities and reduce synthesis time. The
main differences can be related to the preparation method,
synthesis conditions (heat treatment temperature, time), lattice
distortion, residual stresses in the lattice and/or structural
defects. The main peaks are c-axis oriented (008), (0010),
(0012), (0014), (0016) e (0018) [1,2,23].

Fig. 2 shows the FT-IR spectrum of the bismuth titanate
templates produced by the molten salt synthesis. The main
band characteristic of the oxygen–metal bond was observed in
the region 450–640 cm−1. There was, however, a vibration
band noted that is associated to the deformation of O–H bonds
near 1680 and 3400 cm−1. This is attributed to water adsorbed
at the powders surface when the sample was in contact with
the environment. No traces of sulfate groups are evidenced in
the FT-IR spectra suggesting elimination of such groups
during the cleaning of the particles being not chemically
bonded to the surface of the BIT nanocrystals. This is probably
the result of reactions forming chemical bonds between the
nanocrystal surface and the inorganic molecules employed in
the molten salt synthesis. This results in the unique reaction
conditions of supercritical water which are essential for the
perfect elimination of inorganic species and for the arrange-
ment of individual nanocrystals into ordered superlattices.

Raman scattering has proven to be a valuable technique to
obtain information about local structures within materials. To
confirm the formation of BIT templates, FT-Raman spectrum
was obtained (see Fig. 3). The main modes located at 95, 120,
191, 226, 268, 327, 354, 419, 455, 537, 562, 616, and
849 cm−1 are characteristics of Bi4Ti3O12 single crystal
[17,18] and are in agreement with those reported in the
literature [19–27]. Usually, higher wavenumber phonon modes
can be attributed to vibrations of Ti–O atoms inside the
perovskite layer while lower wavenumber phonon modes to
vibrations of Bi–O atoms within the Bi2O2 layer. The modes
located at 262 and 268 cm−1 are relative to distortions in
octahedral TiO6 [28]. The modes located at 537 cm−1 and
849 cm−1 are correspond to stretching vibrations and c-axis
symmetric stretching of TiO6 octahedra, respectively. Yau
et al. [29] observed that excess of bismuth leads to better
stability of the Bi2O2 layer instead of perovskite phase being
incorporated on it [30].

FEG-SEM micrographs of BIT templates at different magni-
fications are shown in Fig. 4a–c. According to the image, most
of the grains are homogeneous with a length of 3.1 mm, a width
of 0.3 mm and a plate-like morphology. Aggregation between
the particles is not evident and monodispersed particles are
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observed. The low degree of agglomeration indicated that the
amorphous phase obtained by the solid state reaction was
transformed to BIT templates and that van der Waal's force is
absent in this inorganic template. One can see that plate-like
grains are piled up close to each other. The plate-like shapes of
the grains are related to the layered perovskite structure of BIT.
There is no evidence of liquid-phase indicating that the molten
salt synthesis allows obtaining BIT templates distributed in a
Fig. 4. FEG-SEM micrographs of BIT templates at different magnifications
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Fig. 3. FT-Raman spectrum of BIT templates obtained by the molten salt
method at 1000 1C for 0.5 h.
nanometric matrix. The abnormal/discontinuous grain particle,
called exaggerated grain particle, comes from the fact that some
particles grow faster than others with increasing sintering
temperature in materials with high anisotropy in interfacial
energy. The effective collision rates between particles by molten
salt synthesis favors an anisotropic growth caused by the
differences in the surface energies on the different crystal-
lographic faces [1–2].
TEM investigations show that the c-axis of the perovskite units

is parallel to the thickness direction of the grains. BIT templates
reveal particle size length in the range of (3.1±1.7) mm (Fig. 5a).
The resultant particles have a plate-like shape with approximate
width of (0.3±0.2) mm being originated from the high anisotropy
of BIT crystal structure (Fig. 5b). These results indicate that when
the particle size increases rapidly in the formation process the
growth rate of each crystal face determines the outer shape of
particles and furthermore, when the particle size increases slowly
in the growth process the main surface consists of the facet with a
minimum interfacial energy. Bismuth titanate templates showed
weak agglomerates indicating no adsorption of deionized water
molecules on the template surfaces, so that hydrogen bonds
cannot be formed between approaching particles. The salts used
during the synthesis were shown to be most effective in
dehydrating the adsorbed water and decreasing the hydrogen
bonding effect leaving weakly agglomerated BIT. Crystal defects
(such as ferroelectric domains) are frequently observed in the BIT
templates and will be studied by Piezoresponse Force Microscopy
(PFM) briefly.
(a), (b) and (c) obtained by the molten salt method at 1000 1C for 0.5 h.



Fig. 5. (a) TEM images of BIT templates obtained by the molten salt method
at 1000 1C for 0.5 h and (b) SAD micrograph of BIT templates obtained by the
molten salt method at 1000 1C for 0.5 h.
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4. Conclusions

By adopting the molten salt method it is possible to obtain
bismuth titanate templates with the c-axis orientation free of
secondary phases. No traces of sulfate groups are evidenced in
the FT-IR spectra suggesting elimination of inorganic species
during BIT phase formations. FEG-SEM analysis has shown
that most of the grains are homogeneous with a length of
(3.1±1.7) mm. Aggregation between the particles is not evident
indicating that van der Waals force is absent in this inorganic
template. TEM analysis reveals that the resultant particles have
a plate-like shape with approximately (0.3±0.2) mm width,
being originated from the high anisotropy of BIT crystal
structure, and that the main surface consists of the facet with
a minimum interfacial energy. The molten salt method is a
genuine technique to control the morphological and structural
properties of templates with short treatment time and making
them free of impurities.
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