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Abstract

This paper reports a wet chemical synthesis technique for large-scale fabrication of perovskite barium strontium titanate nano-
particles near room temperature and under ambient pressure. The process employs titanium alkoxide and alkali earth hydroxides as
starting materials and involves very simple operation steps. Particle size and crystallinity of the particles are controllable by
changing the processing parameters. Observations by X-ray diffraction, scanning electron microscopy and transmission electron
microscopy TEM indicate that the particles are well-crystallized, chemically stoichiometric and ~50nm in diameter. The
nanoparticles can be sintered into ceramics at 1150 °C and show typical ferroelectric hysteresis loops.

© 2004 Elsevier Inc. All rights reserved.

Keywords: Nano-particles; Perovskite; Barium strontium titanate

1. Introduction

The properties of nanostructures differ from that of
bulks due to their small sizes and large surface-to-
volume ratios [1-4]. Such size effect is not only observed
in metallic nanostructures but also in many complex
oxides, such as the perovskite ferroelectric materials
[5,6]. Aiming at a better understanding of the struc-
ture—property relationship and the development of novel
electronic devices, in recent years the study of the nano-
scaled ferroelectric materials has attracted immense
attention. Novel synthesis techniques have been devel-
oped. Among them, wet chemical method, which is
usually inexpensive, can be conducted at low tempera-
tures and yet offers good compositional and structural
control of the products, is particularly suitable for
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making nano-structured ferroelectric oxides. In the past
a few years, various nanostructures (nano-powders,
nano-rods and nano-tubes) of typical ferroelectric
families, like lead zirconate titanate (PZT) and barium
titanate (BT), have been fabricated by means of wet
chemical techniques in literature [7-13].

In a wet chemical processing, temperature and
pressure are two factors that have critical influences on
the structure and property of the products. A higher
temperature and pressure may improve the crystallinity
of the nano-structures but also lead to a higher level of
processing inconvenience and more difficulties in the size
control of the products. Continuous effort is seen in
literature to develop techniques for making high-quality
nano-structures at lower temperatures and under
ambient pressure. Take the fabrication of barium
titanate as an example. While the crystallization of
BaTiO; via a conventional solid-state reaction requires a
calcination temperature > 1000 °C, the synthesis tem-
perature for making crystallized nano-structures of
BaTiO;3 via chemical method (such as hydrothermal
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method) can be low as 100~280 °C [7,9-12]. To further
lower the synthesis temperature and pressure is still
attracting much attention. Wada et al. have developed a
method called low-temperature direct synthesis (LTDS)
and has been proposed for synthesis of BaTiOj
nanoparticles [13], but the method introduced some
harmful impurities and the composite of the product,
their morphology and the processing could not con-
trolled easily.

Having noticed that titanium alkoxides are comple-
tely soluble in alcoholic solvent but get hydrolyzed in
water, and with reference to literature work on titania
nanocrystals [14-20], we have developed a novel process
that can be conducted near room temperature and under
ambient pressure and is particularly suitable for making
Ti-related perovskite nano-structures. Employing tita-
nium alkoxide and alkali earth hydroxides as start
materials, this process involves mainly a water hydro-
lysis and an acid—base neutralizing reaction, both of
which can occur at lower temperatures and under
ambient pressure. A typical example to be demonstrated
in this paper is the nano-particles of (Ba,Sr)TiO;
(abbreviated as BST), which is a continuous solid
solution of barium titanate (BaTiO;) and strontium
titanate (SrTiOs). BST ceramics are widely used in
capacitors and BST thin films are useful for making
tunable microwave components, random access mem-
ories (RAM), and infrared detectors [21-27]. The nano-
scaled BST is also a good candidate for the fundamental
research of nano-ferroelectricity because of its excellent
compositional and structural modifiability. As to be
shown below, crystallized BST nano-particles were
obtained by using our technique of which the processing
temperature did not exceed 60 °C. To the best of our
knowledge, this temperature is the lowest among all the
wet chemical techniques for making similar ferroelectric
nanostructures in literature.

2. Experimental procedure

The starting materials for the synthesis include high
purity Ba(OH),-8H,O, Sr(OH),-8H,0, Ti(OBu),
and di-ionized water (DIW). The synthesis process
may be divided into two steps. The first step was to
separately prepare a base solution and a titanium
solution. The base solution was prepared by dissolving
Ba(OH), - 8H,0 (28.392 g) and Sr(OH), - 8H,0 (2.658 g)
into DIW (500ml). The concentration of the base
solution was ~0.2 M. The solution was then heated to
60°C in a water bath. The titanium solution was
prepared by dissolving Ti(OBu), (34.0 g) into absolute
ethanol (250 ml). These solution concentrations are for
the composition of (Bag ¢Srg ;)TiO3; for other composi-
tions, the solution concentration is changed accordingly.
The second step was to allow the reaction to take place

by dripping the titanium solution into the base solution
(60°C) under vigorous stirring. An instantaneous
formation of white precipitation was observed. After
the reaction was completed and followed by ageing for
3h, the white precipitation was obtained by filtration
and baked at 60 °C for 24 h in an oven. The as-prepared
powders were also annealed respectively at 300, 500,
and 1000 °C for 2 h to check the annealing effects of the
products.

The obtained white powders were characterized at
room temperature by means of X-ray diffraction (XRD)
on a Philips Diffractometer (Model: X Pert-Pro MPD)
using CuKoa radiation (40kV, 30mA), a differential
thermal analysis-thermogravimetric (TG-DTA) instru-
ment (Netzsch STA 449C) with the temperature increase
rate of 10 °C/min from room temperature up to 1000 °C,
scanning electron microscopy (SEM) on a JEOL field-
emission SEM (Model: JSM 6335F NT) and transmis-
sion electron microscopy (TEM) on a JEOL TEM
(Model: JSM2010) with best point resolution 0.24 nm at
200 kV, respectively. The chemical composition of the
products was determined by X-ray Fluorescence Spec-
trometry on XRF-1700 (Shimadzu, Australia).

Using the nano-particles, BST ceramics were prepared
via a simplified ceramic processing. The synthesized BST
nano-particles were dry-pressed into pellets of ~10 mm
in diameter. Then the pellets were directly sintered in a
box furnace at 1150 °C for 2 h. On the major surfaces of
the sintered ceramic, silver electrodes were painted
followed by thermal treatment at 650 °C for 10 min.
Such Ag/BST/Ag samples were used in the ferroelectric
tests on a Sawyer-Tower circuit (a standard technique
for ferroelectric characterization).

3. Results and discussion

Elemental ICP analysis of the powders has revealed
the atomic ratio Ba:Sr:Ti is in good consistence with
that in the start compositions, indicating a good
compositional control of our method. X-ray diffraction
was performed to characterize the crystallinity and
phase of the nano-particles. Fig. 1 shows the represen-
tative XRD pattern of the as-prepared powders that
were synthesized and baked at 60 °C. Except for one
small peak appearing at about 24°, all other peaks are
identified as from perovskite BST. The peak sharpness
and intensity indicate that BST is well crystallized. The
particles were found to have a cubic symmetry with
lattice parameter ~0.402 nm, which is different from the
symmetry of bulk BST. In literature, BST ceramic of the
same composition has a tetragonal phase at room
temperature with lattice parameters ¢ = 0.399 nm and
¢ =0.401nm [28]. This symmetry change is a typical
size effect that has been observed in other nano-
scaled ferroelectric materials as well (further discussion
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Fig. 1. X-ray diffraction pattern of (Bag ¢Sry ;) TiO3; nano-particles.

available later in the paper). The peak at 24° in the XRD
pattern is identified as from barium carbonate. The
formation of barium carbonate is believed to be a result
of the reactions between carbon dioxide that dissolved
into the solutions from air and reacted with the alkaline
earth hydroxides during the process. The impure phase
can either be avoided by undertaking the whole process
in a protective atmosphere (such as argon or nitrogen)
or be removed by washing the powders using dilute
acids.

The post-synthesis annealing has strong influence on
the lattice symmetry of the nano-particles. Fig. 2 shows
the XRD patterns of the nano-particles subjected to
different treatments (the scanning was conducted very
slowly so as to improve the data accuracy). For the as-
fabricated nano-particles and those annealed at 300 or
500 °C, one peak of a symmetric shape was observed in
each case, indicating a cubic symmetry of the nano-
particles. The peak corresponds to the (002) plane of the
pervskite. For the samples annealed at 1000 or 1250 °C,
the XRD peak is broadened and asymmetric in shape,
suggesting the peak is indeed a combination of two
separate peaks which correspond to the (200) and (002)
planes of tetragonal BST, respectively. One of the major
factors that are responsible for this symmetry change is
the crystallite size of the particles. For those samples
with large particles, the size was measured under SEM.
For the samples with small particles (such as the as-
deposited sample), the size was estimated by using
Scherrer’s equation

K
" Bcos 0O’

where L is the crystallite size, A the wavelength of the X-
ray radiation (0.15418 nm for CuKua), K usually taken as
0.89, p the line width at half-maxiumum height after
subtraction of broadening caused by equipment, and 6

(1)
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Fig. 2. XRD patterns of the nano-particles annealing at different
temperatures.

the diffraction angle. A strong correlation between the
crystalline size and the lattice symmetry is clearly shown
in another microstructural factor that possibly affects
the lattice symmetry is clearly shown in Table 1.
Another microstructural factor that possibly affects
the lattice symmetry is interstitial hydrogen. Synthesized
from an aqueous solution, the particles are expected to
contain hydrogen that may exist in the interstitial sites
of BST lattices. Despite direct observation of such
interstitial hydrogen is not yet available, we have
indirect evidences to support our assumption. First,
our as-synthesized BST particles have a larger lattice
than bulk BST. As shown in Table 1, the lattice
parameters of the as-synthesized particles are ¢ = ¢ =
0.4020 nm, while the lattice parameters for bulk BST of
the same composition from literature is @ = 0.3990 nm
and ¢ =0.4010nm. We believe that the interstitial
hydrogen is responsible for such slight lattice expansion
in the as-synthesized BST. For the particles subjected to
post-synthesis thermal treatment, the interstitial hydro-
gen may be partially/completely removed; hence the
lattice size shows a trend of decrease as the thermal
treatment temperature increases. Secondly, the chemical
properties of the particles also give clue to this
assumption. It is reasonable to expect that, for BST
particles with interstitial hydrogen, the interstitials will
introduce positive charges into the lattice and therefore,
the particles have to absorb negatively charged hydroxyl
groups to compensate and neutralize such positive
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Table 1

Annealing temperature dependence of lattice parameters and crystallite size
Annealing temperature (°C) As-deposited 300

Crystallite size (nm) 43 50

Lattice symmetry and Cubic Cubic
parameters (nm) a=c=0.4020 a=c=0.4008

500 1000 1250
65 130 2000
Cubic Tetragonal a = Tetragonal a =
a=c=0.4003 0.4002, 0.4002,
¢ =10.3980 ¢ =0.3978
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Fig. 3. DTA-TG analysis of as-prepared powders.

charges. If such particles are dispersed in water, then the
solution must show an alkalescent property. On the
other hand, if stoichiometric BST particles are sus-
pended in water, the solution should keep neutral. This
assumption has been proven by our experiment in which
three different particles were used: (i) the as-synthesized,
(i1) the 500 °C-annealed and (iii) the 1000 “C-annealed.
With dispersion of the particles, the three solutions were
found to have correspondingly different pH values: (i)
10, (ii)) 8 and (iii)) 7. While samples (i) and (ii) are
obviously the cases discussed above, sample (ii) actually
corresponds a case where the interstitial hydrogen has
been partially removed by the thermal treatment.

The DTA-TG analysis has helped to study of the
release of hydrogen from the lattices. Fig. 3 shows the
weight loss and DSC of the as-synthesized powders as a
function of temperature. From room temperature to
about 220°C, there is a weight loss of ~1.5%. Such
weight loss is mainly due to the removal of residual
alcohol and adsorbed water in the particles. From 220 to
~830 °C, another weight loss, up to ~3%, is observed.
This weight loss is believed to be corresponding to the
release of interstitial hydrogen and the adsorbed
hydroxyl groups. At higher temperatures, the sample
weight is almost a constant value, meaning that the
release of the interstitial hydrogen and hydroxyl groups
is completed at ~830°C (i.e., the particles subjected to
> 830 °C thermal treatment are shoichiometric BST). In
the DSC curve, no sharp endothermic or exothermal
peak is observed. This is because the as-synthesized

Fig. 4. BST nano-particles observed under a field-emission scanning
electron microscopy (FE-SEM).

particles are already well crystallized. A rather broa-
dened exothermic curve is observed, which is likely
corresponding to the crystallite size increase at higher
temperatures.

The microstructure of the as-synthesized BST
particles was further characterized by means of SEM
and TEM. A representative SEM image of the as-
prepared BST nano-particles is shown in Fig. 4. It is
observed that the particles are uniform, with ~50 nm in
diameter. The result is in good agreement with the XRD
estimation.

The TEM observation results are shown in Fig. 5.
Fig. 6a shows the morphology of the powders.
Consistent with the SEM observation, the particle size
was found under TEM to be ~50nm in diameter. A
selected-area electron diffraction (SAED) pattern with
indexed atom planes is shown in the inset of Fig. 5a. Fig.
5b is a high-resolution TEM image. Regularly arranged
patterns can be observed in the darker region of the
photo, indicating that the particles under observation
are crystallized. A fast Fourier transform algorithm
(FFT) has yielded structural information of the nano-
particles, as shown in Figs. 5c and 5d. The lattice
parameter of the material was found to be ~0.398 nm.
Dislocations have also been identified in the FFT image
shown in Fig. 5d. Obviously the low synthesis tempera-
ture is the main reason for the formation of the
dislocations.
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Fig. 5. TEM observation of BST nano-particles: (a) morphology, (b) high resolution image, (c) FFT image indicating relationship of atom planes

and (d) FFT image revealing the dislocations in the nano-structure.
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Fig. 6. Ferroelectric hysteresis loops of BST ceramics made from the
nano-particles via a simplified ceramic processing.

Further experiments have indicated that the particle
size can be controlled through modifying the solution
concentration, the synthesis temperature, the stirring
rate and/or the drying temperature. For example, finer
particles can be obtained in thinner solution. Although,
as a typical example, the synthesis in this paper was
conducted at 60 °C, it does not mean that crystallized
nano-particles could not be obtained via this technique
at other temperatures. As a matter of fact, BST nano-
particles with acceptable crystallinity were obtained via
the same process conducted at several different tem-
perature points (~25, 40C, 80 °C, etc.). Another point to
mention is that this synthesis technique is applicable for
BST with any Ba:Sr ratio, despite only the composition
of Ba:Sr = 0.9:0.1 is discussed in the paper.

The BST nano-particles prepared by the above
process are very useful for making high-quality ceramics
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and composites. The microstructural features are very
small in size (hence large specific area) and already
crystallized without any high-temperature treatment
mean a better sinterability of the BST nano-particles
than powders prepared via regular solid-state reactions.
Based on this, we have managed to prepare BST
ceramics by a simplified ceramic processing in which
the calcination step was omitted and the sintering
temperature was lowered. The nano-particles were
directly dry-pressed and then sintered at 1150°C for
2h. Except for a higher percentage shrinkage, the
sintered ceramics from our powders showed little
difference in microstructure and property from con-
ventionally prepared ones. The ferroelectric behaviors of
BST ceramics made from our nano-particles were
characterized. As shown in Fig. 6, the ceramics show
typical ferroelectric hysteresis loops that are analog to
that of regularly prepared ceramics in terms of the
values of the polarization and coercive field. BST
ceramics with other compositions were also prepared
by a similar processing and excellent dielectric and
ferroelectric properties were obtained. The nano-parti-
cles can also be used in the fabrication of other useful
structures, such as BST/MgO core-shell structures for
microwave components [25]. More details will be
reported in the future.

4. Conclusion

In summary, via a near room temperature and
ambient pressure chemical process, we have synthesized
(Ba,Sr)TiO;3 nano-particles which exhibit a well-crystal-
lized perovskite phase and are about 50 nm in diameter.
The process employs titanium alkoxide and alkali earth
hydroxide as start materials and involves very simple
operation steps. Particle size and crystallinity of the
products are controllable by changing the processing
parameters. This technique is also applicable for the
synthesis of other complex oxides. The nano-particles
can be used for making high quality ceramics and
composites.
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