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Size-controllable barium titanate nanopowder synthesized
via one-pot solvothermal route in a mixed solvent
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Abstract Barium titanate nanopowder was synthesized
via solvothermal route using water-ethanol-ethylene glycol
monomethyl ether as mixed solvent and TiCly-Ba(OH);-
8H,0 as precursors. The effects of water amount in a mixed
solvent, synthetic temperature and reaction time on mi-
crostructure and particle size of the as-prepared barium ti-
tanate powder were investigated systematically. The results
show that the particle size of barium titanate powder could
be tuned by varying the synthetic parameters. The procedure
presented here provides a simple route to the preparation of
barium titanate nanopowder with controllable particle size.
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1. Introduction

Barium titanate (BaTiO3) is one of the most widely used and
studied ferroelectric materials in the electro-ceramics indus-
try because of its remarkable properties such as high dielec-
tric constants, excellent ferroelectric properties, and large
electro-optic and non-linear optic coefficients. Conventional
processes (for example, solid-state synthesis [1-3] and co-
precipitation [4, 5]) often give rise to BaTiO3 powder in the
range of micrometer due to high temperature calcinations,
and cannot satisfy the growing demands for miniaturization
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of electronic device and downsizing of electronic compo-
nents. Thus, other chemical methods capable of producing
ultrafine BaTiO3 powder, such as sol-gel method [6, 7], hy-
drothermal (solvothermal) method [8—12], sol-precipitation
process [13], low temperature direct synthesis method [14],
have become currently an active area of research. Of these
wet chemical methods, hydrothermal (solvothermal) method
possesses several advantages involving the production of fine
uniform particles with a narrow size distribution and the
ability of preparation of crystalline BaTiO3 without high-
temperature calcinations.

There were many studies about hydrothermal synthesis of
BaTiOs3, but only a few literatures reported on the preparation
of BaTiOj3 via a solvothermal process using non-aqueous sol-
vent as reaction media. J.F. Bocquet et al. [15] showed that
the BaTiO3; powder with average size of 12 nm could be syn-
thesized using alkoxide BaTi(O-iC3H7)e as precursors and
isopropanol as solvent under high pressure, and that the par-
ticle size depended on the reaction conditions. Moreover,
they used a set of complicated equipment to control reac-
tion pressure. P. Pinceloup et al. [16] revealed that increasing
isopropanol amounts in the reaction media could increase
the rate of nucleation and then decrease the size of particles.
B.K. Kim et al. [17] glycothermally synthesized BaTiO3 us-
ing Ba(OH), - 8H,0 and titanium isopropoxide as precursors
and 1,4-butanediol as solvent under autogeneous vapor pres-
sures. They found that glycolic solution acted as a strong
oxidizer instead of the highly alkaline conditions in the hy-
drothermal reaction. These studies revealed that the size and
shape of BaTiO3 prepared via solvothermal reaction could
be controlled by adjusting processing parameters. Although
all these methods can attain ultrafine BaTiO; powder with
narrow particle size distribution, the expensive reactant or
special equipments used make them unsuitable to prepare
BaTiOs3 in large scale. Many papers have investigated the
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Table 1 The data of reaction

conditions Reaction
Content of solvent in reaction media (mL) conditions
Sample Water Ethanol HO(CH,)OCH; T (°C) Time (h)
S-1 80 - - 140 48
S-2 60 10 10 140 48
S-3 40 20 20 140 48
S-4 20 30 30 140 48
S-5 - 40 40 140 48
S-6 40 20 20 140 168
S-7 40 20 20 200 48

effects of different precursors and solvents on the proper-
ties of BaTiO3. Most literatures about solvothermal BaTiO;
did not investigate the dissolvability of Ba(OH), - 8H,O
in nonaqueous solvent. In addition, among these, although
newly-prepared amorphous TiO, or Ti(OH)4 gel having the
best active reactivity of all Ti-precursors for the produc-
tion of BaTiO3 nanopowder via solvothermal (hydrothermal)
method had already been testified by many researchers [9, 16,
17], it brought about more experimental steps to result in high
industry cost.

In this paper, a solvothermal method for the synthesis of
BaTiO3 using low-cost reactant TiCly as raw material in a
mixed solvent was reported. This method provides a simple
one-pot solvothermal route to the preparation of the size-
controllable BaTiO3; nanopowder.

2. Materials and methods
2.1. Materials

All materials were used as received, including titanium
tetrachloride (TiCly, 99%), absolute ethanol (CH3;CH,OH,
99.7%), ethylene glycol monomethyl ether (HO(CH,)OCH3,
100%), barium hydroxide (Ba(OH), - 8H,0O, 98%) and
sodium hydroxide (NaOH, 96%).

2.2. Preparation of BaTiO3

A typical experiment procedure was as follows: 1 mL of
TiCly was added dropwise into 20 mL of absolute ethanol
to form a clear yellowish solution A at room temperature.
On the other hand, 3.44 g of Ba(OH), - 8H,0O (Ba/Ti mol
ratio is 1.2) was dissolved into 20 mL of HO(CH,)OCHj; to
form solution B. The solution A was added dropwise into the
solution B (a white stiff suspension appeared), followed by
stirred for 10 min, then 40 mL of distilled water (the total
volume of the mixed solvent is 80 mL) was dropped into the
above mixture (the white slurry became clear rapidly). After
the addition of 5 g of NaOH into the obtained mixture (a white
suspension appeared again), the final mixture was heated in
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a 100 mL autoclave at 140°C for 48 h. After the reaction was
completed, the gained precipitation was filtrated and washed
with distilled water, then dried in oven at 110°C for 12 h. In
order to get a comparison, a sample was prepared using pure
water as the solvent via the above-mentioned procedure.

To investigate the effects of synthetic parameters on the
properties of BaTiOs3, the reaction temperature, the reaction
time and the ratio of H,O/CH3;CH, OH/HO(CH,)OCH3 were
varied. The designations of the corresponding samples and
their preparation conditions were showed in Table 1 in detail.

2.3. Characterization

X-ray diffraction patterns (XRD) were recorded on a
D/max2500 powder diffractometry system with CuKo-
radiation (40 kV, 20 mA) using a 0.05° step size at the range
of 20° < 20 < 60° and a 0.01° step size at the range of 43° <
26 < 47°, respectively. The Gauss peak fit model was used
in the XRD analysis. The crystallite size of BaTiO3; was es-
timated from the (200) diffraction peak using the Scherrer
equation [18]:

dXRD = 094)\./,3 cosf

where A (0.15406 nm) is the characteristic wavelength, 8 is
the full-width at half-maximum (FWHM) and 6 is half the
diffraction angle of the centroid of the peak. The morphol-
ogy of the samples was observed on a transmission electron
microscopy (TEM) (Hitachi-600-2, Japan, 75 kV). Samples
were scattered by ultrasonics for 10 min in ethanol, and two
drops were taken onto carbon-coated copper grids. The BET
surface areas of the samples were measured on a Micromerit-
ics Tristar 3000 sorptometer. Prior to the measurement, all
samples were outgassed at 120°C and 10~® mmHg overnight.
The particle size of the samples was estimated using the equa-
tion [19]:

dper = 6/pSw

where p (6.08 g/cm?) is the standard density of BaTiOs
and Sy is the BET surface area of the sample. Raman
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spectroscopy was carried out on microscopic confocal
Raman spectrometer (RM2000, Britain) using a 100 mW Ar
laser with a wavelength of 514.5 nm. Spectra were measured
over the range 60-1100 cm™!.

3. Results and discussion

X-ray diffraction patterns of the samples S-1, S-2, S-3, S-4
and S-5 are shown in Fig. 1. No splitting for (002)/(200)
(20 ~ 45°) peak was observed for these samples, imply-
ing that the samples are perovskite-type cubic BaTiO3 [14].
There are no other impurities existing except for orthorhom-
bic BaCO; (JCPDS No. 5-378) as a by-product, which is
labeled with asterisk mark in Fig. 1. Under otherwise the
same reaction conditions, the decrease of the water amount
in solvent led to the decreased crystallinity of products and
the decreased amount of BaCOs, suggesting that water in
solvent is in favor of the formation of BaTiOs3.

Fig. 2 exhibits (200) planes of the samples S-1, S-2, S-3,
S-4 and S-5 measured with a step of 0.01°. On the assump-
tion that the crystal structure of BaTiO3; prepared is cubic
symmetry Pm3 m, lattice constants ag-axis is estimated from
d-value of XRD patterns of BaTiO; and the crystal size is
also estimated by Scherrer equation [18, 20]. The (200) peak
of the samples shifted toward lower angles with decreasing
the water amount in solvent from 75% to 0% (see Fig. 2).
At the same time, the lattice constant a-value estimated from
d-value of XRD patterns increased from 0.4016 to 0.4047
nm and the crystal size of BaTiO; decreased from 21.5 to
8.0 nm. It is well known that many factors, such as defects
and impurities in the grain lattice of powders, can affect the
lattice parameter of the powder [21]. The defects and im-
purities mainly result from synthesis method and reagents
used in the experiment. A decrease in the scattering an-
gles indicates an overall increase in lattice constants and an
expansion of the unit cells [22]. The hydroxyl group can of-
ten exist in the lattice of BaTiO3, when the BaTiO3; powder
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Fig. 1 XRD patterns of the samples S-1, S-2, S-3, S-4 and S-5
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Fig.2 Water amount dependence of the (200) peak in X-ray diffraction
patterns of the samples S-1, S-2, S-3, S-4 and S-5

is synthesized in aqueous media, for example, hydrothermal
and co-precipitation procedure [23]. The lattice cell of the
BaTiO3 expands because there is water in reaction system
and interstitial hydrogen ion may exist in BaTiOj3 lattice. The
increase of lattice constants a-value means that the amount
of lattice hydroxyl group increases with decreasing the wa-
ter amount in solvent [24] and that the contamination by
hydroxyl group into a BaTiO3 unit cell mainly result from
the non-aqueous solvent in our experiment. This can be con-
firmed that the largest lattice constants a-value is attained
in the solution without adding water. The results show that
the non-aqueous solvent in reaction media play an impor-
tant role on the microstructure of BaTiOs; synthesized via
solvothermal method.

Raman spectra of the samples S-1, S-2, S-3, S-4 and S-5
are shown in Fig. 3. The peaks around 720, 515, 305 and 268
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Fig. 3 Raman spectra of the samples S-1, S-2, S-3, S-4 and S-5
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cm™! are assigned to the overlap of E(4LO) + A1(3LO),
E(4TO) + A1(3TO), E3TO) + E(2LO)+B1 and A1(2TO),
respectively [25, 26]. But the only peak around 305 cm™! was
looked upon as the characteristic of Raman-active modes re-
sulting from the tetragonal phase for the as-prepared BaTiO3
nanocrystals [11,27]. The results suggest that the as-prepared
BaTiO3 nanopowder is at least tetragonal in the local range
[11] or cubic phase with some tetragonality that cannot be
detected with XRD measurement. With decreasing the water
amount in solvent, the 305 cm~! peak weakened, suggesting
that the water amount in solvent is in favor of the formation
of tetragonal phase. The peak around 830 cm™! appeared
with increasing concentration of the lattice hydroxyl group.
Thus, we assigned this peak to deformation vibration of the
lattice hydroxyl group. At the same time, the 268 cm ™' peak
also obviously weakened with decreasing the water amount
in solvent, suggesting that it is also strongly dependent on
the concentration of the lattice hydroxyl group. There are no
peaks of Ti-containing precursors, which mean that the re-
action is complete. It should be noted that all spectra contain
a weak peak at 1060 cm~! associated with a small amount
of BaCOj; resulted from reaction of Ba(OH), and CO, in air.
The amount of BaCOj3 can be reduced by carrying out the
reaction in inert atmosphere or washing the product using
mild acid solution instead of distilled water.

There are three routine methods to measure the particle
size, i.e., BET, XRD and TEM. The XRD measurement de-
termines the crystal size of the as-prepared BaTiO; [20],
TEM provides an image of particles that may be single crys-
tal or crystal aggregates and the BET method determines the
aggregate size or shows whether the particle shape of the as-
prepared powder can be taken as perfectly spherical or not
[19]. The results of the BET surface area, particle size esti-
mated from the BET surface area and crystal size estimated
from XRD of the samples S-1, S-2, S-3, S-4 and S-5 are
shown in Table 2. It can be seen that with decreasing the wa-
ter amount in solvent, there was a significant increase of the
BET surface area, i.e., a decrease of particle size. The largest
BET surface area (109.22 m?/g) and the smallest crystal size
(8.0 nm) was obtained for S-5 prepared in nonaqueous sol-
vent at 140°C for 48 h. It was noticed that the crystal size of
the sample obtained from the Scherrer equation was smaller
than that estimated from the BET surface area. When the
sample was prepared in pure water media, the particle size
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Fig. 4 a-value, crystal size and particle size estimated from the mea-
sured BET surface areas of powder dependence of water amount in
reaction media. (S-1: 100%; S-2: 75%; S-3: 50%; S-4: 25%; S-5: 0%)

estimated from BET surface area was far larger than the crys-
tal size from XRD, suggesting the as-prepared particle using
pure water as solvent is built up of more small grains. Fig. 4
showed the relations between the water amount in solvent and
a-value, crystal size estimated from XRD and particle size
estimated from the measured BET surface areas of powder.
From Fig. 2 and Fig. 4, when the sample was synthesized us-
ing pure water as solvent, its crystal size, lattice constants a-
axis and the location of (200) peak did not follow the change
trends of that prepared at the condition of mixed solvent, pos-
sibly because the formation mechanism of BaTiO3 was not
completely uniform due to different reaction process in pure
water from that in mixed solvent or non-aqueous solvent.

Table 2 The lattice constants

a-value, BET surface area, Water amount in ~ Lattice constants ~ BET surface  Crystal Particle

crystal size attained from XRD Sample  solution (vol%) a-axis (nm) areas (m?/g)  size (nm)  size (nm)

%rngpartlcle size attained from S-1 100 0.4019 6.61 18.1 1493
S-2 75 0.4016 17.68 21.5 55.8
S-3 50 0.4030 40.35 15.7 24.5
S-4 25 0.4029 46.98 14.4 21.0
S-5 0 0.4047 109.22 8.0 9.0
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Fig. 5 TEM images of the
samples S-1, S-2, S-3, S-4 and
S-5

Fig. 5 shows TEM images of the samples S-1, S-2, S-3,
S-4 and S-5. It is clearly observed that the particles prepared
in the mixed solvent are smaller and more uniform than that
prepared in pure water solvent. When the synthesis was per-
formed in the mixed solvent, the particle size drastically de-
creased with decreasing the water amount in solvent. It is
consistent with that attained from BET and XRD. Although
the crystal size of BaTiO3 powders prepared from pure wa-
ter was only 18.1 nm (deduced from XRD), its particle size
estimated from TEM is more than 100 nm. The particle size
of the samples synthesized in mixed solvent or non-aqueous
solvent is very close to the crystal size, suggesting that the
mixed solvent may obviously retard the particle growth after
nucleation by aggregation.

TEM images and XRD patterns of the samples S-6 and
S-7 are shown in Figs. 6 and 7 Comparing with the sample
S-3, the average particle size of S-6 and S-7 increased to
20 nm and 80 nm. This means that both extended time and
elevated temperature result in bigger particle and that the
particle growth of sample prepared at elevated temperature
is more obvious than that at extended time. Raman spectra
of the samples S-6 and S-7 are shown in Fig. 8. A distinct
peak around 305 cm™' (see Fig. 8b) was observed for S-7,
but not S-6 and S-3. This indicates that elevated temperature
is in favor of not only growing up of BaTiO; particle but also
formation of tetragonal phase [11]. Although larger BaTiO;
particle can be attained for extended time, there is no dis-
tinct change around 305 cm™! peak, suggesting that reaction

time has no marked influence on the formation of tetragonal
phase.

Fig. 9 exhibits XRD patterns of (200) planes of the sam-
ples S-6 and S-7 measured with a step of 0.01°. At the same
reaction temperature, the diffraction angle of (200) planes, a-
value and crystal size of BaTiO3 are almost constant. When
the reaction was carried though at higher temperature, the
diffraction angle shifted from 44.8° to 45.1°, a-value de-
creased from 0.4047 nm to 0.4030 nm and the crystal size
increased from 8.0 nm to 21.9 nm. Although the reaction
temperature and time have notable effect on the particle size,
the reaction time has no obvious effect on crystal parameters
of BaTiOj3 synthesized with nonaqueous solvent.

Fig. 6 TEM images of the samples S-6 and S-7
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Fig.7 XRD patterns of the samples S-6 and S-7 as compared with S-3
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Fig. 8 Raman spectra of the samples S-6 and S-7 as compared with
S-3

The mechanism of nucleation and growth of BaTiO;
particle prepared under our experimental conditions is fol-
lowed by dissolution-precipitation mechanism and aggrega-
tive method. It can be easily observed in Fig. 5 and Fig. 6 that
the particle size of BaTiO3 was strongly dependent on sol-
ventratio, reaction temperature and time. With decreasing the
water amount in solvent, the polarity of solution decreases
and the solubility of reactant decreases, therefore the rate of
nucleation increases, which leads to a much greater num-
ber of particles [16]. After nucleation, crystal growth on the
existing nuclei continues until the concentration is reduced
to the equilibrium solubility, so that the amount of products
is the same as the amount of nucleus and the growth of the
bigger particle is faster than that of smaller one. When the
growth of BaTiOs crystal stopped, the growth of BaTiO;
particle is in process by aggregative method. This can be
confirmed from our experimental results that the crystal size
is constant with that when the reaction time was extended
from 48 h to 168 h, but the average particle size increased
from 10 nm to 20 nm. At the same time, it is observed that
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Fig.9 A (200) plane of the samples S-6 and S-7 as compared with S-3

decreasing solution polarity also hinders the particle growth
by aggregative method. The BaTiO; particles prepared us-
ing pure water as solvent are made of more crystals than that
prepared with mixed solvent, which result in larger particle
size. It must be noted that the growth of crystal goes with the
growth of particle at elevated temperature. On the other hand,
the nucleation mechanism in non-aqueous solvent is possibly
not consistent with that in solution containing water. There
can be double-nucleation or multi-nucleation existing due to
too small amount of water in mixed-solvent reaction system.
The increase of total nucleation rate leads to the formation
of more crystal seeds and smaller particle size.

4. Conclusions

In this paper, a simple one-pot solvothermal method for the
preparation of BaTiO3 ceramic powder with controllable av-
erage particle size is described. The particle size of the as-
prepared BaTiO; could easily be tuned by adjusting reaction
conditions. With decreasing the water amount in reaction me-
dia, the average particle size, the crystal size decrease and
the volume of lattice hydroxyl group in BaTiOj3 crystal cell
increase. Using the non-aqueous solvent, the BaTiO3 pow-
der with average particle size 10 nm and crystal size 8.0 nm
can be synthesized at 140°C for 48 h. When the mixed sol-
vent is used as the reaction media, elevated temperature is in
favor of formation of tetragonal phase; both elevated temper-
ature and extended time can attain bigger BaTiO; particle.
The results of Raman spectrum show that the as-prepared
BaTiO3 powder is tetragonal phase in the local range or cu-
bic phase with some tetragonality. The crystal size of BaTiO;
is mainly dependent on reaction temperature and the ratio
of solution. The mechanism of nucleation and growth of
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BaTiOj3 particle prepared under our experimental condition

is

followed by dissolution-precipitation mechanism and ag-

gregative method. There could be double-nucleation or multi-
nucleation existing due to too small amount of water in the
non-aqueous reaction system.
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