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Preparation of nm-sized BaTiO3 particles using
a new 2-step thermal decomposition
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To obtain inpurity-free and nm-sized barium titanate (BaTiO3) particles, a new 2-step
thermal decomposition method from barium titanyl oxalates (BaTiO(C2O4)2 · 4H2O) was
proposed. At the 1st step, BaTiO(C2O4)2 · 4H2O was annealed at 400◦C for 1 h in the O2 flow.
The annealing temperature of 400◦C was chosen for the following reasons; (1) no formation
of BaCO3 and TiO2 and (2) the complete removal of H2O and other carbon species. This
compound obtained at 400◦C was amorphous phase, and its chemical composition was
BaCO3-TiO2. When this compound was annealed in air at higher temperatures, the large
BaTiO3 particles were prepared with by-products such as BaCO3. Thus, at the 2nd step, to
prevent the crystal growth and the formation of BaCO3, this compound was annealed
above 600◦C in vacuum. Finally, the BaTiO3 single crystals with a size with 16.5 nm were
prepared around 620◦C. These BaTiO3 fine particles were characterized using various
methods to investigate defects and impurities in the particles. As a result, it was confirmed
that there was no impurity in the BaTiO3 lattices. C© 2003 Kluwer Academic Publishers

1. Introduction
Ferroelectric BaTiO3 fine particles have been used as
raw materials for electronic devices such as multilay-
ered ceramic capacitors (MLCC). Recently, with the
miniaturization of electronic devices, the down-sizing
of MLCC has been developed and accelerated. As a re-
sult, the thickness of dielectric layers in MLCC became
less than 1 µm, and in the future, it is expected that this
thickness will become less than 0.5 µm. Consequently,
BaTiO3 raw materials with particle size from a few hun-
dred nm to a few ten nm will be required. However, in
ferroelectric fine particles, it was well-known that ferro-
electricity decreases with decreasing particle and grain
sizes, and disappears below certain critical sizes; this
is called the “size effect” in ferroelectrics [1–9]. There-
fore, the size effect in ferroelectrics such as BaTiO3 is
one of the most important phenomena for the industry
and science. To date, some researchers have estimated
the critical size to be around 10–20 nm in BaTiO3 fine
particles [9–12]. However, this critical size is just an
estimated value, and there is no experimental evidence
on the critical size. Thus, it is very important to prepare
BaTiO3 ferroelectric crystals with sizes below the
estimated critical size, and investigate their size effect.
However, it is very difficult to prepare impurity-free and
nm-sized BaTiO3 crystallites using the conventional
wet processes such as the sol-gel [13], hydrothermal
[14] and low temperature direct synthesis (LTDS)
methods [15, 16]. Especially, the existence of the

lattice hydroxyl (OH−) group was so negative for the
ferroelectricity of BaTiO3. This means that the lattice
OH− group was a common problem for the wet-process
derived BaTiO3 fine particles [13–16]. Therefore, to
prepare impurity-free and nm-sized BaTiO3 crystals
below 10 nm, a new innovative preparation method,
except for all of the solution methods, is required.

Normally, a thermal decomposition of BaTiO
(C2O4)2 · 4H2O leads to a formation of large BaTiO3
particles over 1 µm, via the intermediate compounds
such as BaCO3 and TiO2 [17–19]. However, there is a
significant advantage that a Ba/Ti atomic ratio of the
prepared BaTiO3 is completely 1.000 because of the
Ba/Ti atomic ratio of 1.000 in BaTiO(C2O4)2 · 4H2O.
If nm-sized BaTiO3 particles are prepared from
BaTiO(C2O4)2 · 4H2O, it is possible to obtain the
impurity-free, defect-free and nm-sized BaTiO3 parti-
cles. The large particle sizes of BaTiO3 particles derived
from BaTiO(C2O4)2 · 4H2O is caused by the formation
of BaTiO3 via a reaction between BaCO3 and TiO2 at
higher temperatures over 850◦C. Thus, it is very impor-
tant to prevent the formation of these intermediate com-
pounds. For this purpose, the optimum condition for the
thermal decomposition of BaTiO(C2O4)2 · 4H2O must
be refined to obtain impurity-free and nm-sized BaTiO3
crystallites, i.e., atmosphere, heating and cooling rate,
temperature and soaking time.

In this study, we try to prepare impurity-free and nm-
sized BaTiO3 crystallites from BaTiO(C2O4)2 · 4H2O.
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For this objective, we propose a new thermal decompo-
sition method of BaTiO(C2O4)2 · 4H2O using the both
atmosphere of the O2 flow and vacuum.

2. Experimental
2.1. Preparation procedure
Barium titanyl oxalates (BaTiO(C2O4)2 · 4H2O) were
prepared at Fuji Titanium Co., Ltd [20]. The Ba/Ti
atomic ratio of this compound was 1.000 and the
amount of the impurity was less than 0.02% [20]. Fig. 1
shows TGA-DTA curves of this BaTiO(C2O4)2 · 4H2O
measured at a heating rate of 10◦C/min in air. Over
710◦C, no weight loss was observed, which suggests
the formation of BaTiO3 particles. Normally, to pre-
pare BaTiO3 particles from BaTiO(C2O4)2 · 4H2O, the
higher temperatures over 1000◦C were used in air, but in
this case, the larger BaTiO3 particles with sizes around
1 µm were obtained. Hence, if the temperature can
decrease down to 710◦C, the formation of the smaller
BaTiO3 particles with sizes below 100 nm is expected.
Thus, the conditions of the normal thermal decompo-
sition in air were optimized using (1) the various tem-
peratures from 100◦C to 1000◦C and (2) the various
soaking times from 0 h to 5 h. On the other hand, to
investigate the effect of the atmosphere, the vacuum
and the O2 flow atmosphere were used. This is be-
cause (a) a decrease of the decomposition temperature
of BaCO3 in vacuum and (b) an easy removal of the
carbon species from BaTiO(C2O4)2 · 4H2O can be ex-
pected. In this study, the special designed quartz reactor
chamber was used for the ease change from the O2 flow
to the vacuum.

2.2. Characterization
The crystal structure of the products was investigated
at 25◦C using a powder X-ray diffractometer (XRD)
(RINT2000, Rigaku, Cu-ka, 50 kV, 30 mA) and a laser
Raman scattering spectrometer (Raman) (NRS-2100,
Jusco, 514 nm, 100 mW). The average particle sizes and
crystallite sizes were estimated using a transmission
electron microscope (TEM) (CM300, Philips, 300 kV)
and XRD. The impurity in the products was analyzed
using a Fourier transform infrared spectrometer (FT-IR)
(SYSTEM 2000 FT-IR, Perkin Elmer) and by differ-

Figure 1 TGA-DTA curves of BaTiO(C2O4)2 · 4H2O.

ential thermal analysis with thermogravimetry (TGA-
DTA) (TG-DTA2000, Mac Science).

3. Results and discussion
3.1. The conventional thermal

decomposition method in air
Normally, the thermal decomposition of
BaTiO(C2O4)2 · 4H2O over 1000◦C leads to the
formation of the large BaTiO3 particles over 1 µm
[17–19]. Recently, Kajita and Nishido reported that the
thermal decomposition at 850◦C leads to the formation
of the BaTiO3 particles with sizes of 150 nm [20].
This means that if the conditions for the conventional
thermal decomposition are optimized, it is expected to
prepare the smaller BaTiO3 particles below 100 nm.
Fig. 2 shows a XRD pattern of the products prepared
at 700◦C for 1 h. As a main product, the formation
of the cubic BaTiO3 particles was confirmed while
as a by-product, a slight amount of BaCO3 was also
observed. The crystallite size D111 was calculated from
a FWHM of (111) plane around 39◦ using Scherrer’s
equation. It should be noted that a SrTiO3 crystal as
an external standard for the correction of FWHM.
As a result, D111 was estimated at around 50 nm.
Moreover, TEM observation also revealed that two
kinds of particles were observed, and the average
BaTiO3 particle size was around 45 nm. On the other
hand, when the temperatures below 700◦C was used
for the thermal decomposition, no BaTiO3 particles
were prepared. These results revealed that it was very
difficult to prepare the nm-sized BaTiO3 crystallites
using the conventional thermal decomposition method
in air.

3.2. The thermal decomposition method
in vacuum

In vacuum, it can be possible to prepare the impurity-
free and nm-sized BaTiO3 fine particles below 50 nm.
This is because it is expected that the vacuum atmo-
sphere can make the decomposition temperature of
BaCO3 lower than that in air. Thus, the thermal decom-
position of BaTiO(C2O4)2 · 4H2O in vacuum was per-
formed at various temperatures from 500◦C to 750◦C

Figure 2 A XRD pattern of the products prepared at 700◦C for 1 h in
air.
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Figure 3 A XRD pattern of the products prepared at 620◦C for 1 h in
vacuum.

for 1 h. Fig. 3 shows an XRD pattern of the products pre-
pared at 620◦C for 1 h in vacuum of 2.3 × 10−2 torr. The
FWHMs of all peaks were broadened, which suggests
that their crystallite size was extremely small below
10 nm. However, all of the XRD peaks in Fig. 3 were
assigned to the hexagonal BaTiO3. Moreover, the color
of these particles was completely black. This means
that in the hexagonal BaTiO3 particles, there may be
the residual carbon or a reduction of titanium ions from
+4 to +3, i.e., the hexagonal BaTiO3 was prepared un-
der the reduced atmosphere. Some researchers reported
that the reduced atmosphere caused the formation of the
hexagonal BaTiO3 because of the oxygen deficiency
[21–23]. For our objective, the hexagonal BaTiO3 is
an undesirable phase, and the oxygen deficiency leads
to the defect structure such as oxygen vacancies in the
BaTiO3 lattice. Thus, to remove the residual carbon
and oxygen vacancies, these hexagonal BaTiO3 parti-
cles were annealed at 400◦C for 15 h in the O2 flow.
This oxidizable treatment made the color of the par-
ticles gray, which means that the residual carbon still
remained, and its XRD pattern was completely the same
as Fig. 3. These results revealed that it was very difficult
to prepare the impurity-free BaTiO3 crystallites using
the thermal decomposition method in vacuum.

3.3. A proposal of a new 2-step thermal
decomposition method

The above two methods had several merits and demer-
its. The thermal decomposition in air could produce
the cubic BaTiO3 crystallites, but its problems were
the larger crystallite sizes and the formation of BaCO3.
On the other hand, the thermal decomposition process
in vacuum can produce the nm-sized BaTiO3 crystal-
lites, but its problems are the formation of hexagonal
phase and residual carbon. Therefore, if we can com-
bine these two processes, it may be possible to prepare
impurity-free and nm-sized BaTiO3 crystallites.

In the former process, the BaTiO3 particles were
prepared via intermediates such as BaCO3 and TiO2.
Thus, the reaction of BaCO3 with TiO2 was the rate-
determining stage in the BaTiO3 formation, and its re-
action temperature was over 700◦C. At the high tem-
perature around 700◦C, as the growth rate of BaTiO3

is very fast, the larger BaTiO3 crystallites can be ob-
tained easily. Therefore, to reduce the temperature of
the BaTiO3 formation, it is important to prevent the
formation of BaCO3 phase as the intermediate.

In the latter process, the nm-sized BaTiO3 particles
were prepared as the hexagonal phase with residual
carbon. As the above mentioned, this hexagonal phase
with the residual carbon was attributed to the reduced
atmosphere, which originated from the low temperature
decomposition of BaTiO(C2O4)2 · 4H2O in vacuum.
Thus, if the decomposition of BaTiO(C2O4)2 · 4H2O
into an amorphous intermediate with a chemical com-
position of BaCO3-TiO2 is performed in the O2 flow,
we can expect that there is no oxygen deficiency in the
amorphous intermediates. After this stage, even if the
BaTiO3 formation from the amorphous intermediates is
done in vacuum, there is no reduced atmosphere. More-
over, it is expected that the vacuum can make the de-
composition temperature of BaCO3 much lower. There-
fore, to prepare the impurity-free and nm-sized BaTiO3
crystallites from BaTiO(C2O4)2 · 4H2O, it is important
to combine two processes, i.e., (I) the low tempera-
ture decomposition of BaTiO(C2O4)2 · 4H2O in the O2
flow and (II) the BaTiO3 formation from the amorphous
intermediates with a chemical composition of BaCO3-
TiO2 in vacuum. We named this new method a 2-step
thermal decomposition method.

3.4. The preparation of BaTiO3 crystallites
using the 2-step thermal
decomposition method

At the 1st step, BaTiO(C2O4)2 · 4H2O was annealed
at various temperatures from 100◦C to 450◦C for 1 h
in the O2 flow. As a result, below 400◦C, it was con-
firmed that there was no complete decomposition of
BaTiO(C2O4)2 · 4H2O, while above 400◦C, a slight for-
mation of BaCO3 phase was also detected. It should
be noted that the color of the products annealed at
400◦C was clear white. This means that a thermal de-
composition under the oxygen atmosphere was done
without the reduction of titanium ions from +4 to +3.
Figs 4 and 5 show an XRD pattern and a Raman scat-
tering spectrum of the products annealed at 400◦C for
1 h in the O2 flow, respectively. In Fig. 4, although

Figure 4 A XRD pattern of the products prepared at 400◦C for 1 h in
the O2 flow.
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Figure 5 A Raman scattering spectrum of the products prepared at
400◦C for 1 h in the O2 flow.

several unknown broad peaks were observed, most of
the products were assigned to the amorphous phase. If
BaTiO(C2O4)2 · 4H2O is completely decomposed into
BaCO3 and TiO2 phases, the weight loss can be calcu-
lated at 38.3%. The experimental weight loss at 400◦C
was almost similar to this one. Therefore, this result
suggests that the prepared amorphous phase in Fig. 4
can have the chemical composition of BaCO3-TiO2.
The Raman spectrum in Fig. 5 indicated one signifi-
cant broad peak. Though this peak was composed of
the overlapping of the several broad peaks, we can-
not separate the peak into the several peaks. However,
this means that there was the disordered lattice vibra-
tion like a molecule, i.e., no long range ordering or
less long range ordering. Now, we believe that the local
structure of the amorphous compounds is closed to the
structure with a random network of the BaCO3 and the
TiO2 molecules.

At the 2nd step, the amorphous intermediate com-
pounds were annealed at various temperatures from
550◦C to 750◦C for 0.5 h in vacuum. As a result, above
600◦C, the BaTiO3 formation was confirmed. It should
be also noted that the color of these products were clear
white. Figs 6 and 7 show an XRD pattern and a Raman
scattering spectrum of the products annealed at 620◦C
for 0.5 h in vacuum, respectively. In Fig. 6, most of the
clear peaks were assigned to the cubic BaTiO3 phase.

Figure 6 A XRD pattern of the products prepared at 620◦C for 0.5 h in
vacuum.

Figure 7 A Raman scattering spectrum of the products prepared at
620◦C for 0.5 h in vacuum.

This assignment to the cubic phase was caused by the
following two reasons, i.e., (1) no splitting of (002) and
(200) planes around 45◦, and (2) a good agreement of
a-axis calculated using (111) plane with a-axis calcu-
lated using (200) plane. However, two very weak and
broad peaks were observed around 27◦ and 42.4◦, and
these peaks were assigned to the hexagonal BaTiO3
phase. Moreover, the Raman spectrum in Fig. 7 in-
dicated that most of the peaks were assigned to the
tetragonal BaTiO3 phase while a peak at 640 cm−1 was
assigned to the hexagonal BaTiO3 phase [24, 25]. How-
ever, there are some questions about the formation of
hexagonal BaTiO3 phase. Recently, Cho et al. reported
that the cubic BaTiO3 fine crystallites with nanotwins
of (111) plane were assigned to the hexagonal phase us-
ing XRD and Raman [26–28]. To clear the assignment
of these peaks, much investigations will be required.
Therefore, now we stop discussing about the formation
of the hexagonal BaTiO3 phase or the formation of the
nanotwin structure.

3.5. The characterization of the prepared
BaTiO3 crystallites

The BaTiO3 powders annealed at 620◦C for 0.5 h in
vacuum were characterized using various methods. At
first, their crystallite size was estimated by a XRD
measurement with a slow scanning rate of 0.1◦/min.
Fig. 8 shows the (111) plane of the BaTiO3 powders
and the (111) plane of the SrTiO3 single crystals as
a standard material. The crystallite size D111 of the
BaTiO3 powders was calculated from a FWHM of (111)
plane using Scherrer’s equation. It should be noted that
a position of peak top and FWHM of (111) plane were
corrected using the (111) plane of the SrTiO3 single
crystals. As a result, D111 was estimated at around
17 nm. Moreover, TEM observation revealed that the
average BaTiO3 particle size is around 16.5 nm as
shown in Fig. 9a. Fig. 9a also indicates that one par-
ticle was a single crystal, and there is no twinning
structure. Moreover, its selected area electron diffrac-
tion (SAED) pattern (Fig. 9b) revealed that its crys-
tal structure was assigned to the cubic phase of the
BaTiO3. These results suggested that the 2-step thermal
decomposition method is very effective to prepare the
nm-sized BaTiO3 crystallites.
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Figure 8 (111) planes of both: (a) the BaTiO3 powders prepared at
620◦C for 0.5 h in vacuum and (b) a SrTiO3 single crystal as a reference.

Figure 9 A TEM: (a) bright-field image and (b) SAED pattern of the
BaTiO3 powders prepared at 620◦C for 0.5 h in vacuum.

To investigate the impurity in the nm-sized BaTiO3
crystallites, TGA-DTA and FT-IR measurements were
performed. Fig. 10 shows the TGA-DTA curves of
the nm-sized BaTiO3 crystallites annealed at 620◦C
for 0.5 h in vacuum. This measurement was stopped

Figure 10 TGA-DTA curves in the BaTiO3 powders prepared at 620◦C
for 0.5 h in vacuum.

Figure 11 FT-IR spectra of (a) the BaTiO3 powders prepared at 620◦C
for 0.5 h in vacuum and (b) BT-01 as a reference.

at 600◦C to avoid the crystal growth of the nm-sized
BaTiO3 crystallites. A large weight loss of around 4%
was detected for the nm-sized BaTiO3 crystallites. In
general, it is well-known that the nm-sized particles
shows a lot of weight loss over 10% by the adsorbed
species because of their huge specific surface areas over
100–200 m2/g. To confirm the possibility of the weight
loss by the adsorbed species, after the 1st measure-
ment of TGA-DTA curves, these powders were cooled
in the atmosphere, and the TGA-DTA curves were re-
measured using the same powders. As a result, almost
same weight loss of around 4% was observed, which
suggested that this weight loss was originated from a
desorption of the adsorbed species. Moreover, to inves-
tigate a kinds of the surface adsorbed species, FT-IR
spectra were measured. Fig. 11 shows the FT-IR spec-
tra of the nm-sized BaTiO3 crystallites and BT-01 (hy-
drothermal BaTiO3 crystallites with a size of 100 nm
prepared by Sakai Chemical Industry Co.) as a refer-
ence. In Fig. 11, there are only two kinds of species
such as OH− group and CO3

2− group in the both pow-
ders. The height of these absorption bands in the nm-
sized BaTiO3 crystallites was much larger than those
in BT-01. This means that the amount of the surface
adsorbed species in the nm-sized BaTiO3 crystallites is
much larger than that in the BT-01.

In general, it is well-known that in the hydrother-
mal BaTiO3 crystallites, there are two kinds of OH−
groups such as (a) a surface adsorbed OH− group and
(b) a lattice OH− group. The FT-IR measurement is
very useful to reveal the existence of these two kinds of
OH− group. Kapphan and Weber reported that proton
of the lattice OH− group can exist in five sites around
lattice oxygen in BaTiO3 lattice, and their sharp absorp-
tion bands for stretching vibration appear in the narrow
range from 3462.5 to 3509.5 cm−1 [29]. Fig. 12 indi-
cates FT-IR spectra of the OH− groups in the nm-sized
BaTiO3 crystallites and BT-01. In the BT-01, two kinds
of the OH− group bands were clearly observed, i.e.,
(I) a sharp band around 3510 cm−1 and (II) a broad
band from 3000 to 3700 cm−1. On the basis of the
report by Kapphan and Weber, the sharp band around
3510 cm−1 in BT-01 of Fig. 12 can be assigned
to O H stretching vibration of lattice OH− group,
which suggests that in BT-01, there can exist lattice
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Figure 12 The absorption bands related to the OH− groups of (a) the
BaTiO3 powders prepared at 620◦C for 0.5 h in vacuum and (b) BT-01
as a reference.

OH− group. On the other hand, in the nm-sized BaTiO3
crystallites, there was no sharp band around 3510 cm−1

while there was a large broad band from 3000 to 3700
cm−1. These results suggested that there was no lattice
OH− group in the nm-sized BaTiO3 crystallites.

The above characterization revealed that the nm-
sized BaTiO3 crystallites prepared by the 2-step thermal
decomposition method using BaTiO(C2O4)2 · 4H2O
had no impurity in their lattice except for the surface.
Thus, we believe that the 2-step thermal decomposi-
tion method is very powerful to prepare nm-sized and
impurity-free BaTiO3 crystallites. In the future, the di-
electric constants of these BaTiO3 crystallites should
be measured. For this purpose, much harder work will
be required.

4. Conclusion
In this study, the new 2-step thermal decomposition
method using BaTiO(C2O4)2 · 4H2O was proposed to
obtain inpurity-free and nm-sized BaTiO3 particles.
At the 1st step, BaTiO(C2O4)2 · 4H2O was annealed
at 400◦C for 1 h in the O2 flow. This compound ob-
tained at 400◦C was amorphous phase with the chem-
ical composition of BaCO3-TiO2. At the 2nd step,
the amorphous compound was annealed under vacuum
above 600◦C. Finally, BaTiO3 single crystals with a
size of 16.5 nm were prepared around 620◦C. Their
characterization was also done using various methods,
and especially, the impurity in these nm-sized BaTiO3
crystallites was investigated. As a result, as the impu-
rities, the surface adsorbed OH− and CO3

2− groups
and the were detected, but no lattice OH− group was de-
tected using IR. This suggests that the nm-sized BaTiO3
crystallites have no impurity in their lattice. There-
fore, the 2-step thermal decomposition method using
BaTiO(C2O4)2 · 4H2O was very effective to prepare the
nm-sized and inpurity-free BaTiO3 crystallites. This
means that the 1st step for a study of the size effect
was achieved. At the next step, using the 2-step ther-
mal decomposition method, the BaTiO3 particles with
various particle sizes will be prepared, and their size de-
pendence of the structure and some physical properties
will be investigated.
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