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a b s t r a c t

Hydrothermal-microwave method (HTMW) was used to synthesize crystalline barium strontium titanate
(Ba0.8Sr0.2TiO3) nanoparticles (BST) in the temperature range of 100–130 ◦C. The crystallization of BST
with tetragonal structure was reached at all the synthesis temperatures along with the formation of
BaCO3 as a minor impurity at lower syntheses temperatures. Typical FT-IR spectra for tetragonal (BST)
eywords:
anoparticle
hemical synthesis
icrowave

lectron microscopy

nanoparticles presented well defined bands, indicating a substantial short-range order in the system. TG-
DTA analyses confirmed the presence of lattice OH– groups, commonly found in materials obtained by
HTMW process. FE/SEM revealed that lower syntheses temperatures led to a morphology that consisted
of uniform grains while higher syntheses temperature consisted of big grains isolated and embedded in
a matrix of small grains. TEM has shown BST nanoparticles with diameters between 40 and 80 nm. These
results show that the HTMW synthesis route is rapid, cost effective, and could serve as an alternative to

.
rystal structure obtain BST nanoparticles

. Introduction

Barium titanate has been extensively employed in several
ndustrial applications, including dynamic random access memory
DRAM) capacitor, microwave filters, infrared detectors and dielec-
ric phase shifters, due to their excellent ferroelectric, dielectric,
iezoelectric and pyroelectric properties [1–8]. For the ABO3 per-
vskite, different A-site and B-site dopants (where A = Ca, Sr, La;
= Nb, Ta, Zr) are used to modify the electrical properties of BaTiO3
ased compositions [6–9]. Recently, barium strontium titanate
BST) has attracted much attention because of its strong dielectric
onlinearity under biaselectric field and linearly adjustable Curie
emperature with the strontium content over a wide temperature
ange [9–11]. The desired properties make BST a promising candi-
ate material for tunable microwave dielectric devices [12,13]. To
chieve the desired properties, BST needs to be free of intermediate
rystalline phases, with a defined stoichiometry and a homoge-

eous microstructure. Various preparation methods for BST have
een investigated. The solid state reaction, starting from BaCO3 or
aO, SrO and TiO2, is not suitable for preparation of BST ceramics for
igh performance application because the resulting material shows
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large particle size and presence of impurities [14]. The main lim-
itation of the solid state reaction is that it requires repeated heat
treatments and grinding. The average particle size is normally large
and contamination becomes a problem [15].

Wechsler and Kirby [16] prepared BST by conventional mix-
ture containing BaCO3, SrCO3 and TiO2 fine powders. The resulting
microstructure has a wide grain size distribution, multiple phases
and an inevitable degree of porosity. Methods such as sol–gel and
co-precipitation also have their disadvantages. The sol–gel process
utilizes expensive precursors and requires careful control of the
atmosphere. The co-precipitation process is limited to cation solu-
tions with similar solubility products. Ries et al. [17] prepared pure
barium strontium titanate powder, with Ba/Sr ratio of 80/20 by the
polymeric precursor method. The authors have observed that the
organic material must be decomposed at low temperatures over a
long time to avoid the formation of carbonates.

Among the chemical methods, hydrothermal synthesis is often
used due to its simplicity, allowing the control of grain size,
morphology and degree of crystallinity by easy changes in the
experimental procedure. A variation of this method, microwave
assisted hydrothermal synthesis, has the advantage of lower pro-
cessing temperature and time, and an uniform nucleation of the

powders in suspension [18–20]. Studies have been carried out in
using different approaches of the hydrothermal technique: Roeder
and Slamovich [21] used low temperature hydrothermal reactions
while Deshpande et al. [22] used a microwave irradiation to pro-
duce BST powder. Both papers discussed processing parameters
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ithout their impact on dielectric properties of the BST prod-
cts.

The hydrothermal synthesis route has the most potential in this
egard. It is not only found to produce fine powders but is also
ound to crystallize the tetragonal phase directly from the reac-
ion of hydrated TiO2 gels and barium chloride in a fairly strong
lkali hydroxide solution at a low temperature of 240 ◦C (pH = 13).
n this context, a detailed study on hydrothermal synthesis and
haracterization of tetragonal BaTiO3 crystallized in the presence
f chloride ions at 240 ◦C has been reported [23]. This study empha-
ized the role of chloride anion to produce tetragonal phase under
ydrothermal conditions. More recently, the formation of a tetrag-
nal phase is also reported in the absence of chloride anions at
20 ◦C [24]. However, the crystallization kinetics of the tetragonal
hase is found to be slow, with crystallization times extending over
everal days.

Therefore, efforts need to be focused to enhance the crystalliza-
ion kinetics of hydrothermal process to obtain BST nanoparticles
ith a high degree of homogeneity and uniform particle size

t low temperature. In this study, we have investigated the
onditions required for the crystallization of BST under microwave-
ydrothermal conditions in the temperature range of 100–130 ◦C
o obtain homogeneous nanoparticles with uniform particle size
nd low carbonate content.

. Experimental procedures

The BST nanoparticles were synthesized using (TiCl4 – Sigma–Aldrich 99.95%),
arium acetate (Ba(CH3COO)2 – Sigma–Aldrich 99%), SrCl2·6H2O (99%, Mallinck-
odt) and NaOH (p.a, Merck). The molar ratio of Ba/Sr was kept at 80/20. Starting
aterials of Ba(CH3COO)2 and SrCl2·6H2O were mixed in distilled water contain-

ng 1 M NaOH at 80 ◦C. The distilled water was boiled for at least 15 min to remove
issolved CO2 in order to reduce the formation of Ba carbonate. TiCl4 was slowly
dded to deionized water at 0 ◦C under stirring until it turned into a homogeneous
olution. The solutions were mixed and filtered to remove precipitates from the solu-
ion. The solution was transferred into a sealed autoclave and placed in a domestic

icrowave (2.45 GHz, 800 W). The system was heat treated at 100, 110 and 130 ◦C
or 1 h (heating rate: 10 ◦C min−1; final pressure 1.2 atm). After that, the pressure
essel was cooled down to room temperature. The resulting powder was washed in
istilled water corrected to pH∼12 by 1 M NaOH, filtered and dried in an oven. BST
owders were washed with deionized water and dried at 80 ◦C. The obtained pow-
ers were characterized by X-ray powder diffraction (XRD) (Rigaku-DMax/2500PC,

apan) with Cu-K� radiation (� = 1.5406 Å) in the 2� range from 20◦ to 70◦ with
.02◦ min−1. TG-DTA analyses were carried out with a Netzsch-409 STA apparatus
ith a heating rate of 20 ◦C min− 1 under flowing air. The FT-IR spectra were recorded
ith a Bruker Equinox-55 instrument. Raman spectra were collected using a Bruker
FS-100/S Raman spectrometer with Fourier transform. A 1064 nm YAG laser was
sed as the excitation source, and its power was kept at 150 mW. Microstructural
haracterization was performed by field emission scanning electron microscopy
Supra 35-VP, Carl Zeiss, Germany) and transmission electron microscopy (TEM,
eol 3010 URP).

. Results and discussion

Fig. 1 shows typical X-ray diffraction patterns for the nanopar-
icles obtained at 100, 110 and 130 ◦C for 1 h. The nanoparticles
ere perovskite BST, but some intermediate carbonate phase was

bserved. It can be seen that as the temperature increases, the
mount of carbonate decreases. The presence of BaCO3 can be
scribed either to incomplete reaction or due to the presence of
arbonate in Ba alkali source. The BST sample crystallized at 130 ◦C
s carbonate free indicating that high temperature hydrothermal
echnique was successfully used to produce a pure crystalline
anoparticle. All peaks were indexed as a typical perovskite
hase (JCPDS card no. 05-0626) with the P4mm space group in a

etragonal structure. An eventual tetragonal peak splitting of the
eflections cannot be resolved due to overlapping on the (0 0 2) and
2 0 0) planes. A small amount of orthorhombic Witherite struc-
ure, with Pmcn space group, was identified as BaCO3. The obtained
esults reveal that the chloride ions have an evident effect to
Fig. 1. X-ray diffraction pattern of BST nanoparticles synthesized at (a) 100 ◦C, (b)
110 ◦C and (c) 130 ◦C for 1 h in the HTMW method.

enhance the formation of tetragonal BST under hydrothermal con-
ditions as that reported by Ma et al. [25]. Similar behavior occurred
for Ba0.6Sr0.4TiO3 (BST) nanopowders prepared by a modified cit-
rate method with ammonium nitrate as a combustion promoter. In
this case, peaks of barium carbonate become weaker when the tem-
perature increased. As the temperature increases to 650 ◦C, peaks
of barium carbonate disappear and a pure BST phase was obtained
[26].

Having in mind that BST powder obtained at 130 ◦C for 1 h is
free of carbonates we have performed TG–DTA analyses (Fig. 2). The
existence of three stages corresponding to the weight and energy
change can be observed. The first region (25–200 ◦C) corresponds to
the loss of physisorbed water; the second between 200 and 350 ◦C
corresponds to the loss of surface hydroxyl groups, and finally, the
weight loss above 500 ◦C is due to CO2 released from the decompo-
sition of carbonate species. DTA curve shows a strong exothermic
peak around 270–350 ◦C, correlated to a weight loss, that must be
considered as the crystallization of the residual amorphous phase.

The FT-IR spectrum of the BST powder obtained at 130 ◦C for 1 h
is plotted in Fig. 3. The absence of carbonate band suggests that the
crystallized nanoparticle can further be eliminated at higher tem-
perature, as in agreement with XRD data. The very small absorption
band at 1428 cm −1 can be interpreted as C O vibration due to
extremely small unavoidable traces of carbonate from environ-
ment. Strong intense bands located below 700 cm−1 were observed
and can be ascribed to ı(M–O) mode. The bands at 3430 and
1644 cm−1 correspond to the �(O–H) mode of (H-bonded) water
molecules and ı(OH), respectively. Residual water and hydroxy
group are usually detected in the as grown samples and further
heat treatment is necessary for their elimination. It is well known
that the hydroxylation of metal ions and the deprotonation can be
accelerated by raising the solution temperature or pressure [27].
The crystallized nanoparticle was found to have OH− ions due the
alkali used under the present reaction conditions. Furthermore,
the hydroxyl content was found to decrease with the increasing
of synthesis temperature. This could be due the vigorous action of
microwaves to remove such groups at elevated temperature during

the hydrothermal process. In hydrothermal-microwave processing
the high frequency electromagnetic radiation interacts with the
permanent dipole of the liquid (H2O), which initiates rapid heat-
ing from the resultant molecular rotation. Likewise, permanent or
induced dipoles in the dispersed phase cause rapid heating of the
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Fig. 2. TG/DTA curves of BST nanoparticle sy

articles. These result in a reaction temperature in excess of the
urrounding liquid-localized superheating [28].

The FE/SEM analysis showed that by changing the synthesis
arameters, grains with different dimensions could be synthesized.
ypical scanning electron micrographs obtained for BST nanopar-
icles are shown in Fig. 4. The scanning electron micrographs
evealed a spherical morphology for all the synthesized nanopar-
icles. Lower syntheses temperatures led to a uniform morphology
hat consisted of small grains. On the other hand, the samples
hermally treated at higher syntheses temperature consisted of
ig grains isolated and embedded in a matrix of small grains. The
gglomeration process was attributed to Van der Waals forces. To
educe the surface energy, the primary particles have a tendency to
orm nearly spherical agglomerates, in a minimum surface to vol-
me ratio and hence reducing surface free energy [29,28]. This type
f grain structure is common in oxide, ferrite and titanate ceram-
cs [30–37]. This is a result of an abnormal/discontinuous grain

rowth and also called an exaggerated grain growth. In the abnor-
al growth, some grains grow faster than others with increasing

intering temperature. The abnormal grain growth may results
rom: (1) the existence of second phase precipitates or impuri-

Fig. 3. FT-IR spectra of BST nanoparticle synthesi
ized at 130 ◦C for 1 h in the HTMW method.

ties, (2) materials with high anisotropy in interfacial energy and
(3) materials in high chemical in equilibrium [38]. In hydrother-
mally derived BST which crystallizes in a tetragonal structure it can
be assumed that the abnormal grain growth comes from factor (1)
and (3) because the existence of two-phase structure. At intermedi-
ate temperatures, a higher degree of agglomeration was noted. This
could be due to the favored nucleation process at higher OH− con-
centration with no separation of particles because of low reaction
temperature. Based on the morphological evidence, the tempera-
ture of 130 ◦C was found to be optimum to obtain BST nanoparticles
with submicron particle size.

Fig. 5 supports the nanometric nature of barium strontium
titanate particles obtained at 130 ◦C by the hydrothermal-
microwave method which present diameters between 40 and
80 nm. These values are inside the range of distribution sizes cor-
responding to tetragonal nanoparticles, according to Kolenko et
al. [39]. They observed that samples with particle size smaller

than 17 nm present only cubic structure, whereas samples with
particles grown larger than this value have only tetragonal struc-
ture. As can be seen, the spherical BST nanoparticles are uniform.
This result implied that the BST nanoparticles synthesized via the

zed at 130 ◦C for 1 h in the HTMW method.
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Fig. 4. FE-SEM images of BST nanoparticles synthesized at

otary–hydrothermal process at 130 ◦C for 1 h contained very few

tructural defects. R. Pazik et al. [40] have obtained BST particles
oped with Eu from the hydrothermal technique. Most particles
re spherical single crystals with an average size of 50 nm. There is
o tendency to form clusters and agglomerates as they are mostly
eparated and not sintered.

ig. 5. TEM image of spherical BST nanoparticles synthesized at 130 ◦C for 1 h in the
TMW method.
0 ◦C, (b) 110 ◦C and (c) 130 ◦C for 1 h in the HTMW method.

4. Conclusions

A simple method to synthesize BST nanospheres by
hydrothermal-microwave technique was reported. By varying
the processing temperature, nanocrystals having different sizes
and distribution could be obtained. XRD analyses confirming the
tetragonal structure of the BST nanoparticles, free of carbonates
at higher synthesis temperature. The FE/SEM analysis showed
that by changing the synthesis parameters, grains with different
dimensions could be synthesized. TEM analyses indicate that
the BST nanoparticles are uniform indicating very few structural
defects. HTMW is interesting not only for the short treatment
time and low temperature used, but also for the possibility to
control the morphological and structural properties. Therefore,
the HTMW method is undeniably a genuine technique for low
temperatures and short times in comparison with the above
mentioned methodologies.
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