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Tetragonal BaTiO3 was prepared by reaction of a layered K2Ti2O5 and mixed barium salts (BaCl2 + Ba(NO3)2) at above 700°C.
The morphology of the particle was cubic shape and the particle size of the products prepared at 700­1000°C was ³10µm, and
that of the products prepared at higher temperatures (1100­1200°C) was smaller than that of the products prepared at 700­
1000°C. From the chemical analysis no potassium atom was detected and the Ba/Ti ratio in the tetragonal BaTiO3 was 1.00. In
the cubic particle of the tetragonal BaTiO3 surface 90° domain boundaries were observed. Lattice parameters and Curie
temperature of the tetragonal BaTiO3 were a = 3.995(1) and c = 4.036(1)¡ and 130°C, respectively.
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1. Introduction

Barium titanate, BaTiO3 (hereafter BT) is a ferroelectric
compound with the perovskite-type structure,1) and is an
important material for dielectric applications. Particularly some
multilayer capacitors (MLCs) based on BT exhibit excellent
temperature-stable dielectric property. BT has four modifications
of rhombohedral, orthorhombic, tetragonal and cubic phases,
and the ferroelectric Curie temperature is 132°C at which the
tetragonal symmetry changes to the cubic one. Powder sample of
BT is easily prepared by high temperature solid state reaction2)­4)

or hydrothermal reaction,5)­8) however, lower temperature solid
state reaction or milder hydrothermal condition produces the BT
with a cubic symmetry which is a metastable phase stabilized by
defects or OH¹ in the crystallite or the presence of a surface
layer.6)­8) Various synthesis routes for BT powders at low
temperatures have been proposed. Mechanochemical reaction
with TiO2 and Ba(OH)2 in acetone including 4.5 vol% H2O
produced BT powder at room temperature.9) Hydrothermal
reaction assisted with ball milling process crystallized BT
powders at 100°C for 5 h and this condition was milder than
that of conventional hydrothermal reaction.10) Soft chemical
reaction with titanate nanosheets produced sheet-like BT powder
at 80°C.11),12) Solvothermal reaction formed nano-size BT
powder.13)­15) Defect- and impurity-free nanosized BT powder
were prepared by two-steps thermal decomposition of barium
titanyl oxalate, BaTiO(C2O4)·4H2O.16),17) These methods adopted
high reactivity routes or more reactive starting materials to
accomplish crystallization of BT. Recently Won et al. proposed a
unique method for low temperature synthesis of the tetragonal
BT by using a precursor powder of BaO2­TiO2­C and this
method can produce the tetragonal BT above 600°C.18) We

attempted lower temperature synthesis of BT powder by using a
reactive starting compound in molten salt. A layered K2Ti2O5

19)

was selected as a starting compound because the arrangement of
Ti atoms in K2Ti2O5 was similar to that of the perovskite-type
structure and mixed barium salts (BaCl2 + Ba(NO3)2) with the
molar ratio of 1:1 was used because of the lower melting point. In
this paper we will describe synthesis of the tetragonal BT powder
by using molten salt and its properties.

2. Experimental

A starting compound, K2Ti2O5 was prepared by heating the
stochiometric mixture of K2CO3 and rutile-type TiO2 at 700°C for
6 h. The mixture of K2Ti2O5, BaCl2·6H2O and Ba(NO3)2 with the
molar ratio of 1:1:1 was put into an alumina crucible and heated at
500­1200°C for 6 h. The product was washed with distilled water
and a dilute acetic acid solution in order to dissolve the potassium
and barium salts, and separated by filtration, washed with distilled
water and dried at 50°C. The products were identified by X-ray
powder diffraction pattern using monochoramated CuK¡ radia-
tion. The lattice constants were determined from the X-ray
powder diffraction patterns measured in the 2ª range from 20
to 90°. The morphology of the particle was observed by a
scanning electron microscopy (SEM). The chemical composition
was analyzed as follows. The prepared BT was converted to
hydrated titanium oxide in concentrated HNO3 solution (HNO3

10mL + H2O 20mL) under hydrothermal condition at 180°C for
12 h. The product was separated by filtration and the amount of
barium and potassium ion in the solution was determined by an
induced couple plasma spectroscopy (ICP). The solid was heated
at 1000°C for 1 h and the product (rutile-type TiO2) was weighed.
The surface of some samples was etched by 10% HCl and HNO3

acid solution (50mL) added 35% HF solution (1mL) in order to
determine whether the prepared particles were a single domain or
not. The Curie temperature was measured by DTA curve. Crystal
structures were drawn by the computer programs VESTA.20)
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3. Results and discussion

Figure 1 shows the X-ray powder diffraction patterns for the
starting compound, K2Ti2O5 and the products prepared at the
reaction temperature of 500­1200°C. The X-ray powder dif-
fraction patterns for the samples before washing with distilled
water and a dilute acetic acid solution showed coexistence of
KCl. The tetragonal BT appeared at 600°C in spite of the
coexistence of a small amount of the intermediate phase which
was obtained at 500°C. Interestingly, no appearance of a cubic
phase was observed at the lower temperature than the tetragonal
BT appeared. The intermediate phase with low crystallinity was
thought to have a different structure from the starting compound
and BT. The diffraction lines of 200 and 002 are clearly separated
as shown in the superimpose figure of Fig. 1 and each diffraction
line indicates K¡1 line. This result implies that the BT prepared
at 700°C is the tetragonal phase with high crystallinity. The
morphology of the tetragonal BT was cubic shape as shown in
Fig. 2. The morphology of the particle was cubic shape and the
particle size of the products prepared at 700­1000°C was
³10¯m, and that of the products prepared at higher temperatures
(1100­1200°C) was smaller than that of the products prepared at
700­1000°C. The particle size for any reaction temperature was

not uniform. We could not obtain fine BT particles unlike that
prepared by hydrothermal reaction, but prepare tetragonal BT
particles with high crystallinity at low temperature. The surface
of the etched sample showed the step pattern characterized by
domain structure as well as etch pit (Fig. 3). This pattern is very
similar to that of 90° domain boundaries in BT surface observed
by AFM.21),22)

The lattice parameters of the BT prepared at 700°C were
a = 3.995(1) and c = 4.036(1)¡ and the c/a ratio was 1.010.
The lattice parameters of the samples prepared by the other reac-
tion temperatures were very similar each other (a = 3.994(1)­
3.995(1)¡ and c = 4.035(1)­4.036(1)¡). The lattice parameters
of BT depended strongly on the Ba/Ti ratio, the lattice defects
and the particle size etc. It was reported that the lattice parameters
for ³30¯m size single crystal were a = 3.9998(8) and c =
4.0180(8)¡ (c/a = 1.0046) which were determined by single
crystal X-ray diffraction data.23) Those for 430 nm size BT fine
powder prepared from BaTiO(C2O4)·4H2O were a = 3.99900(8)
and c = 4.03265(9)¡ (c/a = 1.00842) which were determined
by high resolution powder neutron diffraction data.24) The lattice
parameters for BT powder obtained by this work were good
agreement with those (a = 3.9940(3) and c = 4.0357(5)¡
(c/a = 1.0104)) for 500 nm size BT powder prepared by hydro-
thermal reaction.8) From the chemical analysis no potassium
atom was detected and the Ba/Ti ratio in the tetragonal BaTiO3

was 1.00. As shown in Fig. 4 the endothermic peak in the DTA
curve is observed at 130°C for every sample prepared at ²700°C.
The TC was somewhat lower than the published value (132°C),24)

and this value agreed well with that for 500 nm size BT powder
prepared by hydrothermal reaction.8) These results suggest that
tetragonal BT by this work has similar character to 500 nm size
BT powder prepared by hydrothermal reaction.8)

It was reported that mixed salt (50 + 50) of BaCl2 and
Ba(NO3)2 melted at about 500°C.25) SEM observation indicated
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Fig. 1. X-ray powder diffraction patterns of starting compound,
K2Ti2O5 and the products prepared at 500°C, 600°C, 700°C and 900°C.

10 µm10 µm10 µm

10 µm10 µm10 µm

(a) (b) (c)

(d) (e) (f)

Fig. 2. SEM micrographs of starting compound, K2Ti2O5 (a) and the products prepared at 700°C (b), 900°C (c), 1000°C (d),
1100°C (e) and 1200°C (f).
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Fig. 3. SEM micrographs of the etched sample prepared at 700°C.
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that the morphology of the starting compound did not hold and
cubic shape particles were formed during this method. The X-ray
powder diffraction patterns indicated that the crystallinity of the
products was very high. These facts suggest that tetragonal BT
particles were crystallized by dissolution­precipitation mecha-
nism at ²700°C. The K+ ion in the starting compound was
replaced completely with Ba2+ ion by this method. This complete
replacement was considered to be caused by the difference of the
ionic size between K+ and Ba2+ ions; the ionic radius (1.61¡)
of Ba2+ ion was smaller than that (1.64¡) of K+ ion and
replacement of smaller Ba2+ ion was stimulated. The ionic radii
of both ions were referred by Shanonn’s ionic radius with 12
coordination number.26) Also the direct crystallization of the
BT may be correlated to the crystal structure of the starting
compound, K2Ti2O5. The crystal structure of K2Ti2O5

18) is
described as the layered structure formed by edge- and corner-
sharing of TiO5 pyramids and K+ ion is located in the interlayer
as shown in Fig. 5. Displacement of Ti atoms of edge-shared
TiO5 pyramid array in this Ti2O5 layer can form the perovskite-
type polyhedral arrangement as shown in Fig. 6. This structural
similarity and molten salt may enhance to crystallize the BT with
little lattice deficiencies at low temperature, ³700°C. As a result
of yielding the BT with little lattice deficiencies the tetragonal
phase can be obtained. Similar crystallization accompanying
replacement of cations was found in calcium manganates,
CaMn2O4 and CaMn3O6, which were prepared by using
Na0.44MnO2 in molten salt CaCl2.27) The ionic radius (1.34¡)
of Ca2+ ion in the products was smaller than that (1.39¡) of Na+

ion in the starting compound like this work. These results imply
that the size of the cation which does not form the framework is
an important factor for crystallization in molten salt.

4. Conclusion

Reaction of a layered potassium titante, K2Ti2O5 with mixed
molten salt (BaCl2 + Ba(NO3)2) yielded a tetragonal BaTiO3

with a cubic shape (³10¯m) at above 700°C. The Ba/Ti ratio of
the tetragonal BaTiO3 was 1.00 and its surface had 90° domain
boundaries. The formation of the tetragonal BaTiO3 with a cubic
shape was deduced to be dissolution­precipitation mechanism in
molten salt.

Acknowledgements This work was supported by Grants-in-Aid
for Scientific Research and the Elements Science and Technology
Project from the Ministry of Education, Culture, Sports, Science and
Technology, Japan.

References
1) B. Jaffe, W. R. Cook and H. Jaffe, “Piezoelectric Ceramics,”

Academic, London (1971).
2) A. Bauger, J. C. Mutin and J. C. Niepce, J. Mater. Sci., 18,

3041­3046 (1983).
3) C. Ando, N. Kohzu, H. Chazono and H. Kishi, J. Jpn. Soc.

Powder Powder Metall., 47, 916­920 (2000).
4) Y. Fujikawa, F. Yamane and T. Nomura, J. Jpn. Soc. Powder

Powder Metall., 50, 751­756 (2003).
5) A. N. Christensen, Acta Chem. Scand., 24, 2447­2452 (1970).
6) S. Wada, T. Suzuki and T. Noma, J. Ceram. Soc. Japan, 103,

1220­1227 (1995).
7) S. Wada, T. Suzuki and T. Noma, J. Ceram. Soc. Japan, 104,

383­392 (1996).
8) R. Asiaie, W. Zhu, S. A. Akbar and P. K. Dutta, Chem. Mater.,

8, 226­234 (1996).
9) O. Abe, J. Soc. Inorg. Mater., Jpn., 15, 3­13 (2008).
10) K. Tsunekawa, Y. Hotta, K. Sato and K. Watari, J. Ceram. Soc.

Japan, 114, 651­653 (2006).
11) Y. Feng, T. Ito and Q. Feng, J. Ceram. Soc. Japan, 115, 165­

168 (2007).
12) Q. Feng, Y. Ishikawa, Y. Makita and Y. Yamamoto, J. Ceram.

Soc. Japan, 118, 141­146 (2010).
13) B. Hou, Z.-G. Li, Y. Xu, D. Wu and Y. Sun, Chem. Lett., 34,

1040­1041 (2005).
14) T. Yan, Z.-G. Shen, J.-F. Chen, X.-L. Liu, X. Tao and J. Yun,

Chem. Lett., 34, 1196­1197 (2005).
15) S. Wada, A. Nozawa, M. Ohno, H. Kakemoto, T. Tsurumi, Y.

Kameshima and Y. Ohba, J. Mater. Sci., 44, 5161­5166 (2009).
16) S. Wada, M. Nakahar, T. Hishina, M. Ohno, H. Kakemoto and

T. Tsurumi, J. Mater. Sci., 38, 2655­2660 (2003).
17) S. Wada, S. Kondo, C. Moriyoshi and Y. Kuroiwa, Jpn. J.

Appl. Phys., 47, 7612­7616 (2008).
18) H. I. Won, H. H. Nersisyan and C. W. Won, Mater. Lett., 61,

1492­1496 (2007).
19) S. Andersson and A. D. Wadsley, Acta Chem. Scand., 15, 663­

669 (1961).
20) K. Momma and F. Izumi, J. Appl. Cryst., 41, 653­658 (2008).
21) M. Takashige, S. Hamazaki, N. Fukurai, F. Shimizu and S.

Kojima, Jpn. J. Appl. Phys., 35, 5181­5184 (1996).
22) M. Takashige, S. Hamazaki, Y. Takahashi, F. Shimizu and T.

Yamaguchi, Jpn. J. Appl. Phys., 38, 5686­5688 (1999).
23) R. H. Buttner and E. N. Maslen, Acta Crystallogr., Sect. B:

Struct. Sci., 48, 764­769 (1992).
24) M. Yashima, T. Hoshina, D. Ishimura, S. Kobayashi, W.

Nakamura, T. Tsurumi and S. Wada, J. Appl. Phys., 98, 014313
(2005).

25) A. G. Bergmann and M. V. Tokareva, Zh. Neorg. Khim., 2,
1888­1894 (1957).

26) R. D. Shannon, Acta Crystallogr., Sect. A: Cryst. Phys., Diffr.,
Theor. Gen. Crystallogr., 32, 751­767 (1976).

27) A. Fukabori, J. Awaka, Y. Takahashi, N. Kijima, H. Hayakawa
and J. Akimoto, Chem. Lett., 37, 978­979 (2008).

110 120 130 140

Temperature (°C)

Endo.

Exo.

Fig. 4. DTA curve of the sample prepared at 700°C.
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Fig. 5. Crystal structure of K2Ti2O5.
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Fig. 6. Structural change of Ti2O5 layer of K2Ti2O5 to the perovskite-
type polyhedral arrangement.
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