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Barium titanate (BaTiOs;) nanoparticles with various particle sizes were prepared by a solvothermal
method. X-ray powder diffraction (XRPD) patterns show that the as-prepared powders are of pure per-
ovskite BaTiOs. Scanning electron microscopy (SEM) reveals that all the particles of BaTiO; with different
sizes are dispersed homogenously and have uniform size. The room temperature and in situ high temper-
ature XRD analyses indicate that both the proportion of the tetragonal phase and the Curie temperature
of BaTiOs increase with increasing particles size. The effects of the reaction parameters, such as the con-
centration of reactants, the polarity of solvent, the reaction temperature and the amount of surfactant,
on the size, morphology and uniformity of BaTiO; nanoparticles are studied in detail.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Lead-free barium titanate (BaTiO3 ) has been extensively studied
for its environment friendly feature and numerous industrial appli-
cations. As a typical ferroelectric material, BaTiO3 has been used
in sensors, switches, receivers [1-6], etc. As a microwave dielec-
tric ceramics, BaTiO3 is commonly used in dielectric resonators,
microwave integrated circuit substrates, dielectric waveguides,
dielectric antenna, attenuator, phase adjustment devices [7-14]
and multi-layer ceramic capacitors [15,16]. As the electronic
devices continue to be down-sized and integrated with the devel-
opment of nanotechnology, more and more attention has been
focused on the “size effect” which seems to limit the applica-
tions of ferroelectric nanoparticles. Therefore, the synthesis and
the understanding of the ferroelectricity in BaTiO3 nanoparticles
have thus become an urgent task [17]. In general, the ferroelec-
tricity decreases significantly with decreasing grain size, which is
the so called “size effect”. The ferroelectricity of BaTiO3 nanopar-
ticles disappears when the grain size decreases to about 44 nm
according to the calculation by Zhong et al. [18-22]. The grain size
effect of BaTiO3 ceramics has been extensively studied since it was
first reported in 1954 [23-26]. However, it is difficult to study the
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size effect of BaTiO3 on nanoscale in the samples prepared by tra-
ditional solid state reaction and ceramic processing because the
grains generally grow up during sintering.

In order to study the size effect in BaTiO3, nanoparticles with
various sizes are needed. As a commonly used solution technique,
hydrothermal synthesis provides a special physical and chemi-
cal environment for the reaction and crystallization of precursors.
Compared to other preparation methods, the particles synthesized
by the hydrothermal method are usually integral, uniform and well
dispersed. Taking advantage of these merits, in this work BaTiO3
nanoparticles with various sizes from 25 to 500 nm have been pre-
pared by an improved hydrothermal or solvothermal method and
characterized by X-ray powder diffraction (XRPD) and scanning
electron microscopy (SEM). The reaction parameters and condi-
tions that affect the synthetic results are discussed.

2. Experimental

BaTiO3; nanoparticles of various sizes from 25 to 500 nm were prepared by a
solvothermal method at 180-200 °C and the molar ratio of barium ion to titaniumion
was maintained 1:1 throughout the synthetic process. The following five different
preparation processes were used to synthesize the particles of various sizes. The
reactants were sealed in a Teflon-lined stainless steel autoclave and placed in an
electric furnace (DHG-9036A, Rongfeng Scientific Instrument Co., Ltd. Shanghai) in
each preparation process.

(1) The BaTiOs; nanoparticles of 25nm size were prepared by reacting 2 mmol
barium hydroxide octahydrate (98%, Alfa Aesar) and 0.680 ml titanium (IV) n-
butoxide (VERTEC®TNBT, 98 +%, Alfa Aesar) in 15 ml methanol at 180°C for
24h. In this process, the barium hydroxide octahydrate was first ground, and
then mixed with the titanium (IV) n-butoxide-methanol solution. The mixture
was stirred for 10min before being sealed in the Teflon-lined stainless steel
autoclave.
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Fig. 1. XRPD patterns of BaTiO; powders with five typical particle sizes: (a) 25 nm, (b) 50 nm, (c) 80 nm, (d) 150 nm and (e) 500 nm.
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Fig. 3. Insitu high temperature XRPD patterns of BaTiO3 samples with various particles sizes: (a) 25 nm, (b) 50 nm, (c) 80 nm, (d) 200 nm and (e) 500 nm. (f) Curie temperature
(T¢) as a function of the size of the BaTiO3 nanoparticles.
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Fig. 4. Scanning electron micrographs of BaTiO; powders with different particle sizes: (a) 25 nm, (b) 50 nm, (c) 80 nm, (d) 150 nm and (e) 500 nm, corresponding to the five
diffraction patterns shown in Fig. 1.

Fig. 5. Scanning electron micrographs of BaTiO3; nanoparticles synthesized using different concentrations of Ba(OH),/H,0 and Ti(OBu)4/CgH14 solutions: (a) 0.20 mol L-! and
(b)1.00mol L.
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Fig. 6. Scanning electron micrographs of BaTiO3 nanoparticles synthesized with different concentrations of CTAB: (a) 1.00 mmol L~ and (b) 10.00 mmol L~'.

(2) The 50 nm BaTiOs; nanoparticles were synthesized by reacting 2 mmol barium

hydroxide octahydrate and 2 mmol titanium dioxide in 35ml 25% ammonia
solution at 200°C for 24 h. In this process, 2 mmol barium hydroxide octahy-
drate and 2 mmol titanium dioxide were ground separately before being mixed
in a 35ml 25% ammonia solution. The mixture was stirred for 10 min before
being sealed in the Teflon-lined stainless steel autoclave.

(3) The 80nm BaTiO3; nanoparticles were prepared by reacting 5mmol barium

hydroxide octahydrate and 5mmol metatitanic acid which was obtained by
reacting titanium (IV) chloride in hot NaOH aqueous solution. In this process,
5 mmol ground barium hydroxide octahydrate powder was first put in a beaker,
and then 5 mmol metatitanic acid and 15 ml ethanol were added into the beaker
successively. The mixture was stirring for 10 min before being sealed in the
Teflon-lined stainless steel autoclave which was heated at 180°C for 24 h.

(4) The BaTiOs particles with sizes of 100-250 nm were synthesized by react-

ing 1-5mmol barium hydroxide octahydrate and 1-5mmol titanium (IV)
n-butoxide in 20 ml n-hexane mixed with deionized water (volume ratio 1:1) for
24 h. In this reaction, 1-5 mmol ground barium hydroxide octahydrate powder
was first dissolved in 20 ml deionized water. The solution was then put in the

Teflon-lined stainless steel autoclave, in which an equimolar amount of Ti(OBu)4
dissolved in 20 ml hexane was then added. The mixture was heated at 180°C
for 24 h.

(5) The 500nm BaTiO3 nanoparticles were produced by the following process:
5mmol barium hydroxide octahydrate, 5mmol titanium dioxide and 30 ml
20 mol L~ sodium hydroxide solution were mixed and stirred for 10 min before
being sealed in the Teflon-lined stainless steel autoclave which was heated at
180°C for 120 h. It is worth noting that the particle size tends to increase with
increasing reaction time, but when the reaction time is beyond a certain period,
for example 2 days for 50 nm BaTiOs, the particle size remains stable.

The BaTiO3; powders with various particle sizes were characterized by room tem-
perature X-ray powder diffraction (XRPD). The particle sizes mentioned in this work
represent the average particle sizes. Based on the X-ray powder diffraction data, we
used the Scherrer formula to calculate the BaTiO3; nanoparticle sizes and their dis-
tributions, except for the 500 nm particles which were too big to be calculated using
the Scherrer formula. So, we measured the size distribution of the 500 nm particles
by scanning electron microscopy. The results from these two analytic techniques

Fig. 7. Scanning electron micrographs of BaTiO3; nanoparticles synthesized using different kinds of solvents: (a) methanol, (b) n-butanol, (¢) n-octanol and (d) n-pentane.
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Fig. 8. Scanning electron micrographs of BaTiO3 nanoparticles synthesized at different temperatures: (a) 150°C, (b) 170°C, (¢) 180°C and (d) 200°C.

are consistent with each other. In order to find the Curie temperature of BaTiO3
particles with various sizes, high temperature X-ray powder diffraction (HTXRPD)
experiments were carried out to monitor the structure of the BaTiO3; powders as a
function of temperature. The XRPD and HTXRPD patterns were collected in air on
a PANalytical X’pert PRO diffractometer with Cu Ka radiation. A PW3050/60 Stan-
dard Resolution Goniometer was used in X'pert PRO MPD with vertical and 6-26
scan mode. Alumina was used as the standard for the calibration of the high tem-
perature stage. A Pt/Rh-13% thermocouple spot-welded to the bottom of the stage
was used for measuring the temperature. The samples were 1 mm in thickness and
14 mm in width. The HTXRPD patterns were collected in the 26 region of 15-85° in
continuous mode with a step of 0.0167 in 26, at the temperatures ranging from 25 to
150°C. A heating rate of 4°C min—" and a soaking time of 8 min were employed. The
XRPD profiles were refined using X'Pert High Score program to obtain information
on the lattice parameters.

Toimage the morphology of the particles synthesized and to reveal their size and
dispersion, the BaTiO3; powders were examined using scanning electron microscopy
(FE-SEM, LEO 1530).

3. Results and discussion
3.1. Structure and morphology of BaTiO3 nanoparticles

The XRPD patterns obtained from the powders with five typical
particle sizes: 25, 50, 80, 150 and 500 nm, are given in Fig. 1. These
patterns show that all the samples are of pure perovskite BaTiO3
phase. A small amount of BaCO3; impurity phase was removed by
washing in dilute formic acid solution.

In the standard XRPD pattern of BaTiO3, the peak around 45°
is indexed with (200) in the cubic phase and it splits into (002)
and (200) peaks in the tetragonal phase. The detailed profile of
the pseudo-cubic (2 00) diffraction peak is shown in Fig. 2. The
XRPD patterns of the 25 and 50 nm particles reveal a clean cubic
symmetry, while the (200).,, peaks of the 80-150 nm particles
become broadened and asymmetric, indicating a mixture of cubic
and tetragonal phases. The (200).,, peak of the 500 nm parti-

cles exhibits a clear split, indicating a tetragonal symmetry at
room temperature. As shown in Fig. 3(a)-(e), the proportion of the
cubic phase decreases and that of tetragonal phase increases with
increasing particle sizes of BaTiO3 from 25 to 500 nm.

In the standard XRPD pattern of BaTiOs, the peak around 20 =38°
is indexed to (11 1) in both cubic and tetragonal phases. Since
it is difficult to find the Curie temperature of BaTiO3 particles from
the XRPD patterns directly, we use the difference between the full-
width-at-half-maximum (FWHM) of the pseudo-cubic (2 00) peak
and that of (111) peak, i.e. AFWHM, to monitor the structural
phase transition in the BaTiO3 nanoparticles. In this way, the peak
broadening purely due to the small particle sizes can be eliminated.
The values of AFWHM as a function of temperature for the BaTiO3
particles of 25-200 nm were shown in Fig. 3(a)-(d). In Fig. 3(a)
and (b), the variations of the AFWHM of the 25 and 50 nm par-
ticles show discontinuous changes at 40 and 65 °C, respectively,
which indicate the Curie temperature (Tc) of the BaTiO3 nanopar-
ticles. Therefore, T¢ increases from 40 °C for the 25 nm particles, to
65 °C for the 50 nm particles. When the particles size increases to
80 and 200 nm, the changes of AFWHM as a function of tempera-
ture become more diffuse before reaching a nearly constant value
above 110 and 115°C, respectively, which indicate their respec-
tive Curie temperatures. Fig. 3(e) shows the XRPD patterns of the
500 nm BaTiOs3 particles recorded at different temperatures. It can
be seen that upon heating the split of the (2 00) peaks disappears
at 120°C, but the (2 00) peaks are asymmetric. When the tempera-
ture reaches 130 °C, the (2 0 0) peaks become symmetric, indicating
the tetragonal to cubic phase transition at a Curie temperature
120°C<T¢ <130°C. Fig. 3(f) shows the variation of the Curie tem-
peratures as a function of the size of the BaTiO; nanoparticles.
The X-ray powder diffraction patterns measured at room temper-
ature before heating and after cooling show no significant changes
inAFWHM. This indicates that the temperature dependence of
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AFWHM is reversible and no annealing effect was observed by
heating the samples up to 150°C.

A composite-structural model was used by Wada et al. to explain
this size effect of BaTiO3 particles [27]. It includes a gradient lattice
strain layer (GLSL) between an inner tetragonal core and a surface
cubic layer of BaTiO3 particles. The surface cubic layer is nearly
constant (10-15nm thick). This theory suggests that the crystal
structures of the three regions do not depend on the particle sizes,
while only the volume fractions of these regions change with the
particle size. According to this theory, when the size of BaTiO3 parti-
cles varies from 200 to 50 nm, the volume fraction of the tetragonal
core decreases, and the jump of AFWHM decreases. A minimum
jump of AFWHM was observed for the particle size of 50nm
(Fig. 3(b)). When the particle size continues to decreases, down
to 25 nm for example, a clearer and larger jump was found. This
phenomenon is consistent with our previous studies on the size-
dependent dielectric property of BaTiO3/PVDF nanocomposites. A
minimum of dielectric constant of BaTiO3/PVDF composite with
BaTiO3 particle size of 50 nm was observed in that work. This may
indicate that the composite-structural model proposed by Wada et
al. is suitable only for the particle sizes ranging from 50 to 500 nm.
When the particle size decreases to 25 nm, the interface between
the tetragonal inner core and the gradient lattice strain layer, as
well as the interface between the cubic surface layer and the gra-
dient lattice strain layer become blurred, and thereby the particles
present only a GLST (gradient lattice strain layer)-like grain. Upon
heating, the structure of the GLST-like nanoparticles transforms
immediately into cubic phase, and the AFWHM undergoes a sharp
drop at Tc. When the size of BaTiO3 particles is of 80-200 nm, the
volume fraction of the inner tetragonal core increases. The inner
tetragonal core of BaTiO3 particles transforms to the cubic phase
gradually with increasing temperature, and once the phase transi-
tion is completed, AFWHM becomes nearly constant. The volume
fraction of the surface cubic layer is small in the 500 nm BaTiO3 par-
ticles, and therefore, the (2 00) peak exhibits a clear split at room
temperature, as shown in Fig. 3(e). When the temperature reaches
130°C, the (200) peak shows a symmetric profile, indicating that
the Curie temperature of the 500 nm BaTiO3 particles is between
120 and 130°C.

Fig. 4 shows the SEM micrographs for the five different sizes
of particles, corresponding to the five diffraction patterns shown in
Fig. 1. It can be seen that all the five batches of BaTiO3 particles have
uniform sizes and homogenous dispersions. The particle sizes cal-
culated from the Scherrer formula based on the diffraction patterns
match well the sizes revealed by SEM.

3.2. Effects of reaction parameters

In the preparation of BaTiO3 particles with various sizes, it is
found that the particle size and its dispersion are related to differ-
ent solvothermal reaction parameters. In order to study the impact
of these parameters, reaction processes 3 and 4 described in Sec-
tion 2 are selected as examples to illustrate the effects of reaction
parameters on the size and its distribution of the BaTiO3 particles
so prepared.

3.2.1. Effect of reagent solution concentration

The reagent concentrations of Ba(OH), /H,0 and Ti(OBu)4/CgH14
are found to be critical parameters controlling the morphology of
the product. The growth process with small reagent concentrations
(0.2 mol L~1) yields BaTiO3 of large particle size (200 nm), as illus-
trated in Fig. 5(a). When the reagent concentrations of Ba(OH),/H, 0
and Ti(OBu)4/CgH14 solutions are increased to 1.00 mol L1, the size
of BaTiO3 particles decreases to 100 nm and the particles exhibit a
more uniform size with a better dispersion, as shown in Fig. 5(b).
Therefore, it is demonstrated that a higher reagent concentration

favours initial multiple nucleations due to a higher supersaturation,
giving rise to a large number of BaTiO3 particles of smaller size.

3.2.2. Effect of surfactant

It is worth noting that the surfactant has an influence on
the morphology of BaTiOs; particles. Surfactant cetyltrimethy-
lammonium bromide (CTAB) was added to the Ba(OH),/H,0
solution instead of pure Ba(OH); aqueous solution. The scan-
ning electron micrographs of BaTiO3 nanoparticles synthesized
with different concentrations of CTAB, (a) 1.00mmolL-! and (b)
10.00mmolL~!, are shown in Fig. 6. It can be seen that the
1.00mmolL-! CTAB solution has almost no influence on the
BaTiOs particle size, while the 10.00 mmol L-! CTAB solution leads
to a smaller average BaTiO3 particle size, from 150 to 100 nm.
The BaTiO3 particles size decreases with increasing CTAB solu-
tion concentration. We conjecture that small emulsion droplets
formed in water/n-hexane two-phase system in a solvothermal
environment, and that Ba(OH), and Ti(OBu), reacted to produce
BaTiO3 nanoparticles in the emulsion droplets. The surfactant CTAB
reduced the droplet size, leading to BaTiO3 particles of smaller
size.

3.2.3. Effect of solvent

The polarity of the solvent is found to be an important parame-
ter affecting the morphology of the BaTiO3 particles. Fig. 7 provides
direct information about the typical shape and size of the particles
synthesized by the solvents of different polarities, from polar alco-
hols to non-polar n-pentane. The growth process with polar solvent
methanol and n-butanol yields non-uniform particles, as illustrated
in Fig. 7(a) and (b). The majority of BaTiO3 particles synthesized by
polar methanol is of 60 nm size (the remaining is of 200 nm), the
particles synthesized by less polar solvent n-octanol are of 100 nm
(Fig. 7(c)), while the particles prepared by the non-polar solvent
n-pentane have a size of 80 nm, with the highest uniformity and
most homogenous dispersion (Fig. 7(d)). Therefore, the size of the
BaTiO3 particles decreases, while the uniformity increases, with
the decrease of the polarity of the solvent used. Although further
investigations into the effects of solvents on the nucleation and
growth of nanoparticles need to be carried out, from the above
experimental observations, we can conclude that Ostwald ripen-
ing or sequential nucleation tends to occur in polar solvents, while
instantaneous nucleation tends to take place in non-polar solvents.
Therefore, polar solvents generally lead to a broader distribution of
particle sizes.

3.2.4. Effect of reaction temperature

When Ti(OH)4 was prepared and other reaction parameters
were kept the same, the reaction temperature is found to play a role
in the morphology of the BaTiO3 particles. Fig. 8 shows the growth
of BaTiO3 particles prepared at different temperatures: (a) 150°C,
(b) 170°C, (c) 180°C and (d) 200°C. The particles size increases
with increasing reaction temperature. A high temperature not only
enhances the crystallinity and the growth rate of BaTiO3 nanostruc-
tures, but also improves the uniformity of the particle size. In this
case, BaTiO3 nanoparticles with pseudo-cubic shape and uniform
dimensions are obtained at the highest reaction temperatures of
200°C. In contrast, at a lower reaction temperature of 150°C, the
reaction proceeds more slowly, giving rise to the BaTiO3 nanopar-
ticles of various sizes.

Compared to the previous work reported by Bocquet et al.
on the preparation of BaTiO3 nanoparticles by solvothermal
reaction, our synthetic technique represents a simplified and
improved preparation process with a single step. By appro-
priately adjusting the reaction parameters, such as reagent
solution concentration, surfactant, solvent, reaction tempera-
ture and reaction time, uniform and well dispersed BaTiO3
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nanoparticles with various sizes (from 25 to 500 nm) have been
synthesized.

4. Conclusions

BaTiO5; nanoparticles with various particle sizes have been pre-
pared by an improved solvothermal method. The particles were of
pure perovskite phase, uniform and well dispersed, as proved by
means of XRD and SEM. The room temperature and in situ high
temperature XRD analyses have revealed that the proportion of
tetragonal phase and Curie temperature of BaTiO3 increase with the
increasing particle size. The effects of the reaction parameters on
the size, morphology and uniformity of the BaTiO3 particles have
been studied in detail. It is found that the particle size of BaTiO3
decreases with increasing reactant and surfactant concentrations,
the uniformity of the BaTiO3 particles increases with decreasing
polarity of the reaction solvent, and finally the crystallinity and the
growth rate of BaTiO3 particles increases with increasing reaction
temperature. These trends provide useful guidance for the synthe-
sis of BaTiO3 nanoparticles with controlled size, morphology and
uniformity.
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