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A new peroxo-precursor decomposition method is developed for synthesis of BaTiO3. Peroxo-
polytitanic acid solution is prepared by reaction between metallic titanium powder and H,0, aq, and
the amorphous peroxo-precursor is prepared by mixing the peroxo-polytitanic acid with Ba(OH), aq.
The reaction time between the metallic titanium powder and H,O» aq is shortened from 72 to 6 h by
increasing the concentration of H,O, aq from 30 to 70 wt %. BaTiO;3 with crystallite size of
14.7—419.7 nm and tetragonality ¢/a of 1.0037—1.0090 is obtained by heating the precursor for 1 h at
600—1150 °Cinair. BaTiO5 obtained at 650 °C shows a uniform size distribution in the field-emission
scanning electron microscope (FE-SEM) image around 30 nm, and the dielectric constant of 360.

Introduction

Barium titanate (BaTiOs3) is an important electrocera-
mic material used for multilayer ceramic capacitors
(MLCCQ), positive temperature coefficient (PTC) thermis-
tors, and electro-optic devices, because it has high di-
electric permittivity and ferroelectric properties. BaTiO;
powders with small grain size and high dielectric permit-
tivity are desirable for the applications to the MLCC
because the downsizing of the MLCC is achieved by using
thin ceramic layers with high dielectric permittivity. The
conventional solid state reaction between BaCO; and
TiO, around 1250 °C has been mainly employed to
synthesize BaTiOs since the discovery of its ferroelectri-
city in the 1940s. The solid state reaction between BaCOj
and TiO; has been reported to occur in three basic stages:
first, formation of a surface layer of BaTiO5 on the outer
surface regions of TiO5 by the diffusion of Ba*" ions into
TiO,; second, formation of Ba,TiOy4 by further diffusion
of Ba®* ions and reaction with the prior-formed BaTiOs;
and finally, the reaction between Ba,TiO4 and remaining
TiO, to form BaTiOs.' ~* Such complex reaction mechan-
ism necessitates repeated calcination and regrinding in
long periods, and the long high temperature process
brings about irregular crystal growth and uncontrolled
particle morphology. Novel processes that allow the
preparation of homegencous BaTiO; at relatively low
temperatures are highly desirable to obtain fine particles
for the MLCC applications.

*To whom correspondence should be addressed. E-mail: tsuyu@neptune.
kanazawa-it.ac.jp.
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In recent years, soft-chemical processes such as the
hydrothermal method,” ' the sol—gel method,? %
and the precursor decomposition method®* *> have
been intensively investigated to prepare BaTiOs, and
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the preparation of nanosized BaTiO; powders through
such processes have been reported by many re-
searchers.>!%11:22:29:30 guch processes have advantages
over the conventional solid state reactions to prepare
homogeneous and fine powders because nucleation in
aqueous solution or amorphous solid matrix, and sub-
sequent crystalline growth by precipitation from solution
or thermal decompostion of solid phase, proceed at lower
temperatures. To ensure the quality of the products, it is
essential to mix raw materials equally at microscopic
scale, and the fine raw materials are usually dispersed in
a liquid to mix them equally in the conventional solid state
reaction process. In the soft-chemical processes, barium
and titanium are mixed equally at nanometer scale, and
they are appropriate for the preparation of ordinary
particles, as well as of nanosized particles. In general,
the ferroelectric BaTiO3 belongs to the tetragonal perov-
skite crystal structure, and its ferroelectricity vanishes
because of the phase transition to the cubic phase at high
temperature, that is, the tetragonality enormously con-
tributes to its ferroelectricity. However, superfine BaTiO3
directly precipitated in the hydrothermal processes have
been reported to show lower tetragonality (expressed by
the c/a ratio of lattice parameters). A number of studies
have been made to attain high tetragonality in hydro-
thermal synthesis.* ®!%!* A two-step thermal decompo-
sition method of barium titanyl oxalate has been
proposed to prepare nanosized BaTiO;.>*** Thermal
decomposition processes using precursors containing
the elements other than Ba, Ti, and O may cause impu-
rities in the product, and thus precursors containing only
Ba, Ti, and O are highly desirable for the synthesis.

We have developed a new technique for preparing
metal oxides from peroxo-poly metallic acid obtained
by direct reaction between metallic powder and hydrogen
peroxide solution. For example, peroxo-polytungstic acid
is obtained by vigorous reaction between metallic tung-
sten powder and hydrogen peroxide solution, and an
amorphous precursor is precipitated by mixing an alkali
solution with the peroxo-polytungstic acid.* > Heating
the precursor at 500—700 °C yields alkali tungstates
or tungsten bronzes. Similarly, molybdenum, niobium,
vanadium, and titanium powders react with hydrogen
peroxide, and yield the corresponding peroxo-polymetallic
acids.’**” However, the reaction of the titanium powder
with the hydrogen peroxide was markedly slow compared
to the other metals, for example, 11 g of tungsten powder
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dissolves into 70 mL of 20 wt % H,O, aq in 30 min,
whereas it takes a few days for 0.1 g of titanium powder to
dissolve into 100 mL of 30 wt % H,O, aq. To accelerate
the reaction, it has been proposed to start from alkoxides
or titanium tetrachloride instead of metallic titanium
powder and to use the additives such as ammonia.**~* Some
researchers have reported the preparation of the titanium
dioxide thin films through such peroxo routes.*>*®

In this study, we developed a new synthetic route of
BaTiO; fine powders from peroxo-polytitanic acid ob-
tained by mixing the titanium powder and the hydrogen
peroxide. We considered that starting from titanium
powder without any additives is appropriate to prepare
pure products and successfully accelerated the reaction by
using more concentrated H,O, solutions (40—70 wt %).
We present here the synthetic details of the BaTiO; and its
characterizations using Rietveld refinement of X-ray
diffraction (XRD), field-emission scanning electron micro-
scope (FE-SEM) observation, and dielectric constant
measurement.

Experimental Section

Synthesis. Metallic Ti powder (0.12 g, 95%, 45 um particle
size, as received from Wako Pure Chemical Industries, Ltd.,
Osaka, Japan) was dissolved in 100 mL of 30 wt % H,O,
solution (Wako Pure Chemical Industries, Ltd., Osaka, Japan)
at 20 °C with stirring. A yellow transparent solution of peroxo-
polytitanic acid (denoted as Ti-IPA where IPA stands for
isopolyacid) was obtained in 72 h. After removing insolubles
by filtration, we used the solution for the synthesis. By mixing
the Ti-IPA solution with 100 mL of 28 mmol/L Ba(OH),
aqueous solution, we obtained an amorphous barium peroxo-
polytitanate as a white yellow precipitate. After storage for 24 h.
at 20 °C, the precipitate was filtered, rinsed with water and dried
at 115 °C. By heating the amorphous barium peroxo-polytitanate
in air at 600, 650, 1000, and 1150 °C, we obtained polycrystalline
barium titanates.

To accelerate the reaction between H,O, and Ti, the H,O,
solution was concentrated up to 70 wt % by distillation under
diminished pressure using a rotary evaporator at 37 °C. The
concentrated H,O, solution contained almost the same molar
amount of H,0, as before the concentration, for example, 38 mL
of 70 wt % H,0, and 46 mL of 60 wt % H,O, were prepared
from 100 mL of 30 wt % H,O,. Polycrystalline barium titanates
were prepared by the same procedure as stated above.

Characterization. The ultraviolet—visible (UV—vis) absorption
spectra of the Ti-IPA solutions were taken using a spectrophoto-
meter (V570, JASCO, Tokyo, Japan), and the time-course of the
absorbance at 400 nm was measured to monitor the reaction rate
between Ti and H>O» aq. The thermal behavior of the amorphous
precursor was investigated by thermogravimetry (TG) and differ-
ential thermal analysis (DTA; DTG-50, Shimadzu, Kyoto, Japan)
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Figure 1. UV—Visspectra of (a) Ti-IPA solution containing 0.045 mol/L
of Ti and (b) 30 wt % H,O, solution.

at a heating rate of 20 °C/min. The morphologies of the barium
titanates obtained at 650, 1000, and 1150 °C were observed by
FE-SEM (SU-70, Hitachi, Tokyo, Japan) with an accelerating
voltage of 0.7 kV. The XRD patterns of the products were
measured with a diffractometer (XD-DI, Shimadzu, Kyoto,
Japan) using graphite - monochromatized Cu Ko radiation (4 =
0.15406 nm) at 30 kV and 30 mA. The X-ray profiles were collected
between 2° and 120° of 26 angles with a step interval of 0.02° and a
count time of 1 s/step. The crystalline parameters of the obtained
BaTiO; were refined by the Rietveld method using the RIETAN-
2000 program.*’ The crystallite sizes of BaTiO; were determined by

p = 180KA/nX (1)

where p is the crystallite size, Kis the Scherrer constant (0.9), 4 is the
wavelength of X-ray, and X is a peak profile parameter, the
Lorentzian Scherrer broadening obtained in the Rietveld refine-
ment. The Ba/Ti molar ratios of the specimens were determined by
X-ray fluorescence spectrometry (XRF-1700, Shimadzu, Kyoto,
Japan) using the fundamental parameter (FP) method. Dielectric
constant measurement using the complex impedance plot (50 Hz—
5 MHz) was performed on the pellet (5 mm x 8§ mm x 0.54 mm)
of the obtained BaTiO; fabricated by monoaxial pressing at
200 MPa. The capacitance C of the pellet was calculated from the
relationship,

2mfRC = 1

where f7is the frequency at the top of semicircle and R is the diameter
of the semicircle.

Results and Discussion

Preparation and Properties of Ti-IPA Solution. The
UV—vis spectrum of the Ti-IPA solution (0.045 mol/L
as to Ti) is shown in Figurel along with that of 30 wt %
H,O5 solution. The Ti-IPA solution showed a wide and
strong absorption band extending from the UV to the Vis
region and decaying at around 500 nm, whereas the H,O,
solution showed a strong absorption band only in the UV
region. The molar extinction coefficient (¢) of Ti-IPA
solution at 400 nm was estimated as 6.11x 10*cm® mol .
The absorption in the range of 320—500 nm is considered
to be due to electronic transitions in the titanium complex
ion with a peroxo group as a ligand. We observed the
absorbance at 400 nm to monitor the concentration of the
Ti-IPA during the reaction between Ti and H,O, because
H->0, showed no absorption at 400 nm.

(47) Izumi, F.; Ikeda, T. Mater. Sci. Forum 2000, 321—324, 198-205.
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Figure 2. Time courses of Ti-IPA concentration estimated from the
absorbance at 400 nm after mixing Ti powders with H>O, solutions
(30—70 wt %).

Figure 2 shows the time-courses of Ti-IPA concentra-
tion after mixing Ti powders and H,O, solutions (30—
70 wt %). The reaction rate was remarkably increased
with increasing the concentration of H,O, solution. The
reaction was completed in 6 h when 70 wt % H,O, was
used, while a few days were needed to complete the
reaction with 30 wt % H>O,. The reaction rate curves in
Figure 2 were well fitted with a third reaction, whose rate
equation is expressed by

d[Ti-IPA]/ds = kmp[H,0,]? 2)

where m; is a molar amount of Ti dispersed in 1 L of the
solution. The rate coefficient k was estimated as 1.4 x
1077 L?> mol~? s~ !. The reaction between H,O, and Ti is
simply expressed by

Ti+ 2H,0, — Ti-IPA (3)

This may suggest that the Ti-IPA ion contains two peroxo
groups or H,O, molecules as ligands.

The reaction rate of this peroxo-route was substantially
improved by using the concentrated H,O, solutions. It is
also expected that the peroxo-route will be applied to
industrial manufacture of photocatalyst thin films be-
cause aqueous solutions containing titanium is especially
useful for preparing TiO, thin films. Additionally, heat-
ing the mixture of Ti and H,0, above 50 °C makes the
solution turbid because of decomposition of the titanium
complex, and thus the reaction cannot be accelerated by
heating.

The Ti-IPA solution formed a yellow gelatinous pre-
cipitate by drying at room temperature. In TG measure-
ment, the gelatinous precipitate showed weight loss by
95.8% in the range of room temperature to 210 °C and
formed a yellow amorphous powder. The amorphous
powder crystallized into the anatase TiO, around 330 °C
and into the rutile TiO, around 700 °C.

Preparation of BaTiOj3 and Its Characterizations. Figure 3
shows the TG and DTA curves for the amorphous barium
peroxo-polytitanate precipitated by mixing the Ti-IPA solu-
tion with Ba(OH), aqueous solution (see Experimental
Section). A broad endothermic peak accompanied by gra-
dual weight decrease was observed from room temperature
to around 160 °C because of desorption of hydrated water.
An exothermic peak accompanied by a steep weight dec-
rease around 594 °C indicates that the amorphous salt
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Figure 3. TG and DTA curves of the amorphous precursor, barium
peroxo-polytitanate, at heating rate 20 °C/min in air.
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Figure 4. XRD patterns of the as-prepared precipitate and of BaTiO3
samples obtained by heating the precipitate in air for 1 h. at 600—1150 °C.

crystallizes around 594 °C accompanied by the decom-
position of peroxo groups. The composition of the amor-
phous barium peroxo-polytitanate is estimated as BaTiO» g5
(04)0.35-nH,0 from the steep weight decrease by 2.4%.
The XRD patterns for the samples heated in air for 1 h
at 600, 650, 1000, and 1150 °C are shown in Figure 4 along
with that for the as-precipitated sample. The XRD pat-
terns for the samples obtained by heating over 600 °C
were coincident with those of the conventional tetragonal
BaTiO; (PDF-050626), whereas the as-precipitated sam-
ple was amorphous. The crystallinity of the BaTiO3 was
increased from 600 to 650 °C, showing little change above
650 °C. The structural parameters for BaTiO5 obtained
from the Rietveld refinement are summarized in Table 1.
All the XRD data were well refined with the space group
P4mm, and showed the tetragonality (c/a > 1). It is
important to note that BaTiO; obtained by heating at
rather low temperature 600 °C also showed the tetragon-
ality, ¢/a = 1.0037, while the low-temperature synthesis
of BaTiOj3 in most of the earlier reports generally yielded
the cubic phase. The crystallite size of BaTiO; determined
from the peak profile parameters was increased almost
two times from 14.7 to 25.9 nm between 600 and 650 °C.
It was gradually increased from 25.9 to 48.3 nm up to

Tsuyumoto et al.

Table 1. Refined Crystallographic Data for BaTiO3; Obtained by Heating
the Precursor at 600—1150°C

Tetragonal; Space Group; P4dmm (99) Z = 1

atom site atomic position occupancy
600 °C, a = 4.0148(93) ¢ = 4.0297(99)
¢/a = 1.0037 Crystallite Size: 14.7 nm
Ba 1a (0,0, z) z:0.0 0.99
Ti 1b(1/2,1/2, z) z:0.464(4) 1.0
o(1) 1b(1/2,1)2, z z: —0.068(18) 1.0
0(2) 2¢(1/2,0, z) 2:0.543(23) 1.0
650 °C, a = 3.9998(67) ¢ = 4.0192(70)
c/a = 1.0049 Crystallite Size: 25.9 nm
Ba 1a (0,0, z) 2:0.0 0.99
Ti 16 (1/2,1/2, 2) z:0.514(15) 1.0
O(1) 1b(1/2,1/2, z) z: —0.058(9) 1.0
0(2) 2¢(1/2,0, z 2:0.512(85) 1.0
1000 °C, a = 3.9970(28) ¢ = 4.0211(28)
c¢/a = 1.0060 Crystallite Size:48.3 nm
Ba 1a (0,0, z) 2:0.0 0.99
Ti 16 (1/2,1/2, 2) 2:0.493(4) 1.0
o(1) 1b (1/2,1/2, z 2:-0.032(7) 1.0
0(2) 2¢(1/2,0, z) 2:0.519(23) 1.0
1150 °C, a = 3.9942(23) ¢ = 4.0302(23)
c/a = 1.0090 Crystallite Size: 419.7 nm
Ba 1a (0,0, z) z:0.0 0.99
Ti 1b(1/2,1)2, z 2:0.526(3) 1.0
O(1) 16 (1/2,1/2, 2) 2:0.041(9) 1.0
0(2) 2¢(1/2,0, z 2:0.534(10) 1.0

1000 °C and sharply increased to 419.7 nm at 1150 °C.
This behavior suggests that the crystal growth of BaTiO3
mainly occurs by precipitation from the amorphous
phase around crystal nucleus at 1000 °C or below, and
that the crystal growth by fusion of fine particles proceeds
around 1150 °C. The tetragonality (c/a) was increased
from 1.0037 to 1.0090 with increasing temperature, sug-
gesting that it can be controlled by changing the heating
temperature. The quantitative X-ray fluorescence analy-
sis indicated that the Ba/Ti ratios were 0.99, and thus the
occupancies of Ba (la site) were fixed to 0.99 in the
Rietveld refinement.

The FE-SEM images of the BaTiO3 samples obtained
by heating the precipitate in air for 1 h at 650, 1000, and
1150 °C are shown in Figure 5a, 5b, and Sc, respectively.
The BaTiO5 sample obtained at 650 °C showed a uniform
particle size distribution around 30 nm, and this was
consistent with the crystallite size estimated from the
XRD pattern. The sample obtained at 1000 °C consisted
of a small number of larger particles in the range 100—
200 nm and a large number of smaller particles around
50 nm. This indicates that the crystalline growth proceeds
more effectively at 1000 °C than at 650 °C, and that a
portion of particles fused to form larger particles partly
by solid state reaction. The agglomerates of larger particles
were observed in the BaTiO3 sample obtained at 1150 °C.
Around this temperature, the product is mostly formed
through the similar process as the conventional solid state
reaction, and the morphology of the product became
similar to that of the conventional process.

Figure 6 shows the complex impedance plots of the
pellets of BaTiO;5 obtained at 650, 1000, and 1150 °C.
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Figure 5. FE-SEM images of BaTiO; samples obtained by heating the
precipitate in air for 1 h at (a) 650, (b) 1000, and (c) 1150 °C.

The dielectric constants of the pellets obtained at 650,
1000, and 1150 °C were estimated at 360, 1160, and 2990.
The dielectric loss tangents of the pellets obtained at
650, 1000, and 1150 °C were 0.26, 0.30, and 0.30 at
100 kHz; and 0.08,0.13,and 0.17 at 1 MHz, respectively.
The BaTiO; particles around 25.9 nm size showed the
dielectric constant of 360, and the dielectric constant
increased with increasing heating temperature. The di-
electric constants were closely correlated with the crys-
tallite size and the tetragonality c¢/a. Our results con-
firmed that it is essential to maintain the tetragonality
to obtain nanosized BaTiO3z with high dielectric con-
stants.
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Figure 6. Complex impedance plots of the pellets of BaTiO; obtained at
650, 1000, and 1150 °C. The frequencies at the top of semicircles are
indicated by arrows.

The hydrothermal syntheses in earlier reports have
mostly provided cubic BaTiO; when the processing
temperature was below 1000 °C'? or the particle size
was below 190 nm,?° except for a few reports indicating
tetragonal BaTiO; with ¢/a = 1.0078 prepared at 523 K°
and with ¢/a = 1.0078, particle size of 90 nm prepared
at 240 °C.!"” The oxalate decomposition methods and
the sol—gel method have also provided cubic BaTiO;
when the heating temperature was below 800 °C.>>2%-32
Vivekanandan and Kutty reported that the room-
temperature stabilization of cubic BaTiO; prepared by
the hydrothermal method was due to the presence of
residual hydroxyl ions in the lattice and compensating
cation vacancies.*® They indicated that, though the
hydroxyl ions were removed by heating at 900 °C, the
cubic structure was retained up to 1000 °C because of the
lattice strain due to the presence of the compensating
cation vacancies. In contrast, by the present peroxo
decomposition method, the rather high tetragonality
(¢/a = 1.0037) was achieved for the small crystallite size
14.7 nm at the preparation temperature 600 °C. This is
probably because the hydroxyl ions and the cation vacan-
cies are not involved in the amorphous peroxo-precursor.
It can be said this peroxo-precursor decomposition
method is appropriate to prepare nanosized BaTiOj
particles with the tetragonality. Furthermore, this method
can be extended to the preparation of the other titanium
complex oxides such as SrTiO;, Ba,Sr;_,TiO;, CaTiOs,
Bij sNay sTiO3 by modification of the agents. We expect
the peroxo-precursor will be a more commonly used
precursor like the other precursors such as oxalate and
citrate.

Conclusions

Ti-IPA solution was prepared by mixing metallic tita-
nium powder and H>O, aq. The preparation time of the
Ti-IPA was remarkably reduced from 72 to 6 h by increas-
ing the concentration of H,O, aq from 30 to 70 wt %.
BaTiO; was obtained by heating the amorphous precur-
sor, barium peroxo-polytitanate, at 600—1150 °C, which
was precipitated by mixing Ti-IPA solution with Ba(OH),
aq. The crystallite size and the tetragonality c¢/a were

(48) Vivekanandan, R.; Kutty, T. R. N. Powder Technol. 1989, 57, 181—
192.
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increased from 14.7 to 419.7 nm and from 1.0037 to
1.0090, respectively, by increasing the temperature. The
crystallite size of BaTiO5 obtained at 650 °C was 25.9 nm
from XRD analysis, and the size distribution was homo-
geneous around 30 nm in the FE-SEM image. The tetra-

Tsuyumoto et al.

gonality c¢/a and the dielectric constant of BaTiOj
obtained at 650 °C were 1.0049 and 360, respectively.
Our study demonstrates the high potential of peroxo-
precursor decomposition methods for the preparation of
nanosized titanium complex oxides.



