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Abstract There is a great interest to synthesize ferroelec-
tric ceramics both with fine grain size and significant
electric properties. Here, we report the preparation of
nanostructured tetragonal barium titanate by combining
forced hydrolysis of metallic salts in polyol, soft annealing
and 650 °C spark plasma sintering under uniaxial pressure
of 120 MPa for 5 min. The stabilization of highly dense
(density of 90%), nanostructured (grains about 50 nm)
tetragonal barium titanate ceramic was achieved. The
produced ceramic exhibited ferroelectric behavior and a
dielectric permittivity of 3600 at 1kHz and room
temperature.

1 Introduction

Barium titanate BaTiO5; (BTO) has attracted great attention
in a wide range of high technological applications [1]. It is
usually prepared by conventional solid-state techniques,
which are associated with unavoidable drawbacks such as
high calcination temperatures (> 1000 °C), time and
energy consumption. Conventional methods lead to large
grains, unsuitable to fulfill the growing demand of nanos-
tructured BTO bodies for electronic devices.
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The synthesis of nanosized BTO can lead to a strong
decrease in permittivity due to the partial or total transition
from the tetragonal (ferroelectric) to the cubic (paraelec-
tric) phase [2]. This phenomenon is due to surface effects,
as well as to the crystal quality of the obtained grains [3].
Many efforts to stabilize the tetragonal BTO phase on
nanoparticles have been carried out by different methods
such as microwave synthesis [4], solvothermal methods
[5], and soft chemistry [6].

To produce nanostructured functional solids, the com-
bination of soft chemistry followed by spark plasma sin-
tering (SPS) is relatively new, but it is currently the only
technique preserving final grain size within nanosize range.
In the SPS process, the starting powder is pressed in a
graphite die by two pistons at pressures up to 120 MPa,
under vacuum. Electric pulses heat the conductive die,
allowing very rapid heating and cooling rates (1000 °C/
min). Diffusion in the sample is significantly enhanced by
the current pulses, or the electric field in insulating samples
[7], and high densities can be reached at very low tem-
peratures and extremely short times, preserving a grain size
in the nanometric range.

Some attempts have been made to consolidate nano-
grained BTO by means of SPS at temperatures higher than
800 °C starting from nanosized powders. However, critical
size effects on dielectric and ferroelectric properties were
observed and evidenced by a pronounced drop on dielectric
constant, for ceramics with grain sizes below 500 nm [8]
(relative permittivity values near 700 at 10* Hz for a 50 nm
grain-sized sample). These findings were attributed to the
presence of a cubic and non-ferroelectric dead layer at the
grain boundaries. Nonetheless, a complete study of size
effects on the structure of BTO ceramics was reported in
[9]. Ferroelectricity was proven for a 20-nm grain-sized
sample as well as the coexistence of different Raman active
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symmetries, such as orthorhombic/rhombohedral at low
temperatures and tetragonal/distorted-cubic above room
temperature. Such structures can be associated with good
dielectric and ferroelectric properties.

In this manuscript, we describe the synthesis of BTO
ceramics by means of the polyol process [10] followed by
SPS at 650 °C. To the best of our knowledge, the use of
polyol-synthesized precursors for SPS consolidation in
BTO has been never reported previously. We show that this
combination of techniques led to the stabilization of a
proven ferroelectric-nanostructured BTO with high
dielectric constant values (around 3600 for the relative real
part at 1 kHz). We ascribe these results to the presence of a
tetragonal phase on our samples which is probably coex-
isting with a distorted-cubic and thus, ferroelectric phase at
grain boundaries.

2 Materials and methods
2.1 Synthesis

Barium (II) acetate (Johnson Matthey Alfa Products,
reagent grade purity) and titanium (IV) isopropoxide
(Acros Organics, > 98% purity) were dissolved in 0.9875
L of diethylen eglycol (Acros Organics, > 99% purity), in
the stoichiometric ratio. The mixture was brought to
145 °C under mechanical stirring until the dissolution of
the metal precursors. Sodium hydroxide (micropearls for
analysis from Acros Organics) was then added and the total
mixture was brought to the boiling point (229 °C) at a
6 °C/min heating rate, maintained in reflux and stirring for
3 h. After cooling, the precipitated solid was recuperated
by centrifugation, washed with ethanol then water, three
times, and dried in air at 50 °C overnight. The recovered
powder was pre-treated in air (Fig. 1 left). The best tem-
perature for the formation of BaTiO; phase was 650 °C,
however, some traces of barium carbonate was still present.
The powder was thus calcined at 650 °C for 2, 6 and 8 h to
achieve the complete formation of the titanate and elimi-
nate the carbonate (Fig. 1 right). The quantity of carbonate
was reduced below 2% after 8 h of calcination. The SPS
process was carried out in a DR. SINTER515S SYNTEX
SPS machine (Thiais, France). A heating rate of 38 °C/min
was used. To eliminate organic remains of the reaction, a
first plateau at 280 °C for 10 min was applied. The tem-
perature was then increased to the 500-900 °C range,
increasing also the pressure from its initial value (50) to
120 MPa. The sintering time was 5 min. The best results
were obtained at 650 °C; at 900 °C the partial formation of
a reduced secondary crystalline phase BaTi,Os was
observed. At 500 °C, a good crystalline phase was obtained
but mechanical properties were poor. The pressure of
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120 MPa was selected because it is the higher pressure
which can be applied to the graphite die without breaking
(at 650 °C).

2.2 Characterization

The X-ray diffraction (XRD) patterns of powders and
pellets (Figs. 1, 3) were recorded using a Panalytical
X’Pert Pro diffractometer at Co-Ko  radiation
(Ko = 1.79031 A) equipped with a multichannel detector
X’celerator, in the 0-0 Bragg—Brentano geometry (0.025°
for 2 s). Temperature-resolved XRD patterns were recor-
ded from 25 to 900 °C (50 °C steps, see Fig. 1 left). The
high temperature oven chamber is an Anton Paar HTK
1200 N and to obtain an inert atmosphere, we used a
nitrogen flux. The cell parameters and the size of crystal-
lites were determined by means of the MAUD software
[11]. Polycrystalline strain-free silicon was used as the
standard to quantify the instrumental peak’s broadening
contribution. The microstructure was studied by scanning
electron microscopy (SEM) using a Supra 40 ZEISS FEG-
SEM microscope operating at 5.0 kV. Density was mea-
sured with a Micrometrics AccuPyc 1330 helium pyc-
nometer. Raman scattering spectroscopy was performed
with a Jobin—Yvon U1000 double monochromator spec-
trophotometer, with a 514.5 nm line from a Spectra-Phy-
sics 2020 argon-ion laser at 10 mW. Three measured
Raman spectra were averaged. Commercial BTO (Fluka
Chemika, purity 99.9%) was used as a reference. Electrical
permittivity was measured on pellets with gold electrodes,
with an impedance analyzer HP 4192A in the 5-13 MHz
frequency range. Polarization curves were also measured as
function of the applied electric field with a RADIANT
Tech. Inc. Precision RT66B polarizer, working up to 4 kV.

3 Results and discussion
3.1 Phase analysis

FEG-SEM micrographs showed homogeneously sized and
shaped grains ranging down to 50 nm (Fig. 2). The XRD
pattern of the BTO pellet sintered at 650 °C is shown in
Fig. 3. Focusing on the (200) reflection line, an unusual
broadening can be observed compared with other peaks.
This broadening is associated with the splitting of (200)
and (002) reflections coming from grains with a high
fraction of tetragonal symmetry [12, 13]. It is important to
point out that all the observed peaks present high broad-
ening contributions coming from nanosized coherent
diffraction domains (or crystallites). The calculated crys-
tallite size from the corresponding refinement is
Lxrp = 48 nm which matches well with grain sizes
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Fig. 1 Left: Temperature-resolved XRD patterns of polyol-synthesized sample; right: XRD patterns of the powder calcined at 650 °C during 2,

6and 8 h
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Fig. 2 SEM micrograph of the consolidated sample

observed in Fig. 2. This feature, combined with the split-
ting of (200) and (002) reflections causes the formation of a
single unusual broadened peak near 53° (20). A detailed
MAUD refining between 52 and 54° (260) was performed
(using ICSD no° 248395), leading to a good agreement
with the tetragonal structure as illustrated by the quality fit
(sig factor = 1.9 and rw = 5.1) in Fig. 3 (inset). The
refined cell parameters are a = 3.993 (2) and ¢ = 4.016
(2), which agree very well with tetragonal BTO (c/
a = 1.0006).

Raman spectrum was recorded and compared to that of
commercial tetragonal BTO (Fig. 4 left). A good agree-
ment of all the samples is clearly noticed. Raman absorp-
tions at ~ 180, 270, 308 and 520 cm ™! accurately fit with
1A{(TO), 2A(TO), E(TO) and 3A(TO) transverse optical
modes, respectively, as reported for tetragonal BTO [14].
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Fig. 3 Experimental and MAUD-refined XRD pattern of the SPS
consolidated sample; inset: MAUD refinement of 002/200 diffracted
peak

In contrast, the longitudinal optical mode A{(LO) observed
at 715 cm ™' for the reference, and previously reported for
nanostructured BTO systems [12, 15] are absent in our
samples. The vanishing of these modes has been observed
in some BTO thin films. It was attributed to light scattering
from domain walls [16]. The same effect was observed in
single crystals when the incident light was parallel to the
polarization vector, and the laser beam cross-section mat-
ched ferroelectric single domains [17]. Such correlation
could, therefore, explain the absent lines in our samples, if
we assume that both calcined particles and sintered grains
are small enough to contain single domains.
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Fig. 4 Left: Raman spectra of polyol and SPS samples compared with commercial BTO; right: electrical permittivity as a function of frequency

and ferroelectric hysteresis loop for consolidated pellet (inset)
3.2 Dielectric characterization

The real part of the dielectric constant (Fig. 4, right)
showed a relative € at 1 kHz around 3600, a similar value
to that reported for nanostructured BTO in [18] but higher
than those in [8]. In addition, a ferroelectric hysteresis loop
can be well distinguished on the polarization curve shown
in Fig. 4 (right, inset), regardless of some losses that can be
also observed (round-shaped and non-saturated at high
fields). The latter proves that a ferroelectric behavior is
present on our samples and, based on these features, the
existence of a non-ferroelectric dead layer lying at the
boundaries can not be assumed accurately. Moreover, it has
been found that grain boundaries in BTO may well contain
a ferroelectric phase, similar to ferroelectric grains [19]
(probably a distorted-cubic phase as that proposed in [9]).
All these results guided us, therefore, to assume a high
fraction of tetragonal BTO within grains stabilized in our
samples, probably coexisting with a distorted and thus,
ferroelectric, cubic phase at the boundaries.

4 Conclusions

A high density BTO body was obtained by a combination
of polyol process and SPS technique, at low sintering
temperature and very short time (650 °C for 5 min) under a
uniaxial pressure of 120 MPa. The as-obtained studied
sample exhibited grain sizes ranging down to 50 nm, a high
dielectric constant and proven ferroelectric behavior. XRD
and Raman spectroscopy confirmed that a high fraction of
stable tetragonal BTO constituted the produced nanos-
tructured ceramic. The Raman spectra suggested a ferro-
electric single-domain behavior. Additionally, the presence
of a distorted-cubic ferroelectric phase at boundaries is
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proposed to explain the high permittivity values and fer-
roelectric behavior exhibited by this sample.
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