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BaTiO; and anatase with platelike particle morphology were prepared by using a
hydrothermal soft chemical process. A layered titanate of Ko gTiy 73Li02704 with a lepidocrocite-
like layered structure, which has a platelike particle morphology, was used as a precursor.
In the first step, the layered titanate was treated with an acid solution to obtain an H*-
form layered titanate H;07Ti;7304-nH,0 with a lepidocrocite-like layered structure. In the
second step, the H*-form layered titanate was treated in a Ba(OH), solution or distilled
water under mild hydrothermal conditions to transform the layered titanate to BaTiO3 or
anatase. The transformation reactions were investigated by XRD and SEM analyses. There
are two simultaneous mechanisms in the formation of BaTiOs; under the hydrothermal
conditions. One is an in situ topotactic transformation reaction in the crystal bulk of the
layered titanate, and another is a dissolution—deposition reaction on the surface of the
particles. In the formation of BaTiOs, the in situ topotactic transformation reaction is
predominant in the solution of low Ba(OH), concentration, while, in the formation of anatase,
most of the reaction progressed by the in situ topotactic transformation mechanism. The
platelike particles of BaTiO; and anatase, which were prepared by this method, showed a

high degree of crystal-axis orientation.

Introduction

Perovskite-type barium titanate, BaTiOs, is an im-
portant dielectric material, because of its potential
commercial applications in ceramic capacitors, chemical
sensors, and nonvolatile memories.!~3 A large number
of studies on the preparation of BaTiOg3 particles have
been reported.*~13 The morphology of particles obtained
by normal methods, such as solid-state reaction, the
sol—gel method, and the hydrothermal method, is
usually cubic or agglomerations of cubic particles. The
dielectric materials show crystal-axis anistropic proper-
ties, but crystal-axis-oriented ceramic materials are
difficult to obtain from the particles prepared by the
normal methods, because of their randomly oriented
grains. Particles with special morphologies, such as
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fibrous and platelike particles, can be used for oriented
ceramic materials, because they are easy to orient by
the mechanical method.

Soft chemical synthesis is a useful method for the
preparation of particles with special morphology. Since
the structural transformation reaction in the soft chemi-
cal synthesis is an in situ topotactic reaction, the
morphology of the precursor can be retained after the
reaction. Layered metal oxides are suitable as precur-
sors for the soft chemical syntheses, due to their open
structures and ion-exchange properties, which provide
a pathway for mass transfer to the crystal bulk. Shimizu
et al.™ have found that fibrous BaTiOj3 particles can be
obtained by hydrothermally treating a fibrous layered
hydrous potassium titanate (2K,0-11TiO,-3H,0) in a
Ba(OH), solution. The fibrous BaTiO3 particles show a
high degree of crystal-axis orientation and special
dielectric properties.1>1® Fibrous particles of PbTiO3
perovskite can be prepared also by hydrothermal treat-
ment of the fibrous layered hydrous potassium titanate
with Pb,O(OH); in an alkaline solution.1718

Our previous study has indicated that fibrous par-
ticles of ATiOs (A = Ba, Sr, Ca) perovskites can be
obtained by reacting a fibrous H*-form tetratitanate H,-
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TisOg in Ba(OH),, Sr(OH),, and Ca(OH), solutions under
hydrothermal conditions, respectively.'® The fibrous H-
form tetratitanate shows a higher reactivity than that
for the fibrous layered hydrous potassium titanate in
the ATiO3; formation reactions. We call the method using
the hydrothermal reaction for the soft chemical synthe-
sis a hydrothermal soft chemical process.2%21

Although the platelike particles are more easily
handled than the fibrous particles for the preparations
of oriented ceramic materials, even they can be used
for an oriented film. However, to the best of our
knowledge, no challenge of the preparation of the
platelike ATiO3 particles by the soft chemical method
has been reported. This may be due to the difficulty of
finding a suitable precursor with a platelike morphol-
ogy. Recently, Sasaki et al. have reported layered
titanates with a lepidocrocite-like layered structure,
which have platelike particle morphology and excellent
ion-exchange properties.?223 We think that these layered
titanates are useful as the precursor for the preparation
of platelike BaTiOg particles by using the hydrothermal
soft chemical process.

In the present study, we describe the preparation of
the platelike BaTiO3; and anatase particles from an H*-
form titanate of Hi o7 Ti1.7304°-nH,0 with a lepidocrocite-
like layered structure by using the hydrothermal soft
chemical process, and the mechanism of the structural
transformation reaction from the layered titanate to
BaTiO3; and anatase.

Experimental Section

Sample Preparation. A layered titanate of Ko gTiy 73Li02704
(KTLO) with a lepidocrocite-like layered structure, which was
used as a precursor, was prepared by a flux method. Stoichio-
metric K,CO3 and TiO, (anatase) and a 10% excess of Li,CO3;
were mixed and ground together. The mixture of the starting
materials was mixed with a K;MoO, flux in a mole ratio of
Ko.gTi1,73LioA27O4/K2MOO4 = 3/7 and then heated to 1100 °C at
a heating rate of 150 °C/h and kept at the temperature for 5
h. After the sample cooled in the furnace naturally, it was
washed with boiling water to remove the K;MoO, flux and
dried at room temperature. The layered H*-form titanate Hy o7-
Ti1.7304°-nH,0 (HTO) was prepared by treatment of KTLO (10
g) with a 1 M HNO3 solution (1 L) for 1 day to exchange K*
and Li* in the layered structure with H*. The acid treatment
was repeated twice to complete the ion-exchange reaction. The
ion-exchanged sample was washed with distilled water and
dried at room temperature.

The HTO sample (0.147 g) and distilled water (15 mL) were
placed in a Teflon-lined, sealed stainless steel vessel (30 mL
of inner volume), and a desired amount of Ba(OH),-H,O was
added into the vessel to adjust the concentration of Ba(OH),
to 0, 0.1, 0.2, and 0.3 M, respectively, by assuming that all
added Ba(OH); can dissolve in the solution. Thus, the Ba/Ti
mole ratios in the reaction system are controlled to be 0, 1, 2,
and 3, respectively. The sample was stirred at room temper-
ature for 2 h to exchange H™ in HTO with Ba?* in the solution,
and then hydrothermally treated at 150 or 200 °C for 1 day
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Figure 1. X-ray diffraction patterns of (a) a KogTi1.73Li02704
(KTLO) sample prepared by the flux method and (b) a Hio7-
Ti1.7304°nH20 (HTO) sample obtained by acid-treatment of the
KTLO sample: O, KogTi173Li02704 phase; A, hydrous KogTiy 73-
Li0_27 phase; O, H1_07Ti1_7304-nH20 phase.

under autogenous pressure, then filtered, washed with hot
distilled water, and dried at 80 °C for 1 day.

Characterization. The crystal structures of samples were
investigated by using powder X-ray diffraction with a Rigaku
Rotaflex Type X-ray diffractometer (RAD-RC). The particle size
and morphology were characterized by scanning electron
microscopy (SEM, Hitachi S-530).

Results and Discussion

Preparation of Layered Titanate Precursor.
Since the layered titanates, CsxTiz—x4O4 and A Tiz—y3-
Lixy304 (A = K, Rb, Cs), having the lepidocrocite-like
layered structure, show excellent ion-exchange proper-
ties,22726 all these layered titanates can be used as a
precursor for the BaTiO3 preparation. These layered
titanates have been prepared by solid-state reactions
as longer.22=27 To obtain dispersed particles of the
layered titanates, we used the flux method in the
precursor preparation to prevent agglomeration of the
particles. KogTij 73Lio2704 (KTLO) was chosen as the
precursor, because a potassium-containing flux is easily
available. The dispersed platelike single-crystal par-
ticles of KpgTiy73Lip2704 (KTLO) were obtained by
reacting K,COs, Li,COg3, and TiO; in a K;MoO;4 flux at
1100 °C. The X-ray diffraction pattern of KTLO is shown
in Figure la. Two kinds of layered phases with basal
spacings of 0.781 and 0.863 nm, respectively, were
observed in the sample. The layered phase with the
basal spacing of 0.781 corresponds to the KTLO phase
obtained by the solid-state reaction, which has the
lepidocrocite-like layered structure, as shown in Figure
2.2328 The layered structure is composed of corrugated
host layers of edge-shared TiOg octahedra and interlayer
K* compensating for the minus charge of the TiOg
octahedral layers. Li* occupies the Ti(lV) octahedral
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Figure 2. Layered structure of KogTi1.73Li0.2704.

sites in the host layers. Another layered phase with the
basal spacing of 0.863 nm corresponds to a hydrous
KTLO phase with crystal water and K™ in the interlayer
space. The hydrous KTLO phase can return to the
KTLO phase after dehydration over 400 °C.

H107Ti17304°-nH0 (HTO) can be obtained by acid
treatment of the KogTii7sLlip2704 sample with 1 M
HNOg;. The X-ray diffraction study indicated that the
HTO has a lepidocrocite-like layered structure similar
to that of KTLO, but with a basal spacing of 0.922 nm
(Figure 1b).2® The crystal water and H3O" occupy its
interlayer space. A compositional analysis study re-
vealed that over 98% of K™ and Li* has been removed
from the solid phase after the acid treatment. The
results support that K* and Li* in KTLO can be
exchanged with H* by acid treatment, and the ion-
exchange is a topotactic reaction retaining the layered
structure of KTLO.23:26

SEM photographs of KTLO and HTO are shown in
Figure 3. Well-dispersed KTLO platelike single-crystal
particles were obtained. The particles have dimensions
of about 50 x 30 x 5 um?3, which show a much higher
aspect ratio than that obtained by a solid-state reac-
tion.?6 HTO has the same particle morphology as KTLO,
suggesting that the ion-exchange reaction progressed
topotactically.

Hydrothermal Treatment of HTO. HTO was hy-
drothermally treated in 0, 0.1, 0.2, and 0.3 M Ba(OH),
solutions to obtain BaTiO3z and anatase at 150 and 200
°C, respectively. The HTO layered phase was trans-
formed to the anatase phase (TiO,) after the hydrother-
mal treatment in distilled water, and to BaTiO3 after
the hydothermal treatment in Ba(OH), solutions at 150
°C (Figure 4). A small amount of the layered titanate
phase remained after the hydrothermal treatment in
the Ba(OH), solutions, and the amount of residual
layered phase decreased with increasing Ba(OH), con-
centration, meaning that the formation of BaTiOs
increased with increasing Ba(OH), concentration. At
200 °C, anatase and BaTiOz were formed also with a
manner similar to that at 150 °C, while the intensity of
the diffraction peaks of anatase increased, and the
amount of residual layered phase decrease slightly with
the increase of the reaction temperature (Figure 5).
Almost all of the HTO phase was transformed to the
BaTiO3; phase at 200 °C in a 0.3 M Ba(OH); solution.
The HTO showed somewhat lower reactivity for the
formation of BaTiO3 but higher reactivity for the forma-
tion of anatase than that of the fibrous H,TisOg par-
ticles.’® In the case of hydrothermal treatment of fibrous
H,TisOg9 particles, no X-ray diffraction peaks of the
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layered titanate can be observed after hydrothermal
treatment in 0.3 M Ba(OH); solution at 150 °C, and only
a partial H,Ti4Og phase transforms to the anatase phase
after hydrothermal treatment in distilled water at this
temperature. The lower reactivity of HTO for the
formation of BaTiOs3 is due to its large particle size. The
different reactivities of HTO and H,Ti4sOg in the forma-
tion reactions of anatase may be due to their different
layered structures. The BaTiO3; phase obtained by the
hydrothermal treatment described here belongs to the
cubic system with lattice constants of a = 0.4020 nm,
which is similar to that prepared by the normal hydro-
thermal method.*

Characterization of Platelike Particles. SEM
study indicated that all samples retained the platelike
morphology after the hydrothermal treatments (Figure
6), meaning that the platelike particles of anatase and
BaTiO3 are easily obtained by using the hydrothermal
soft chemical process described here. The surface of the
platelike anatase particles is very smooth, similar to
that of the HTO precursor (Figure 7a and b). Fine
BaTiOj3 particles, however, were observed on the surface
of the platelike BaTiOj3 particle, and the amount of fine
particles increased with increasing concentration of Ba-
(OH);, solution and reaction temperature (Figure 7c and
d).

The platelike BaTiO3z and anatase particles prepared
by this method show a high degree of crystal-axis
orientation. Figure 8 shows X-ray diffraction patterns
of the platelike BaTiO3; and anatase particles, which
were spread on a silica glass slide in such a way that
the platelike particles were preferred oriented with the
basal plane parallel to the plane of the glass slide. The
oriented BaTiO3 particles show a stronger (110) diffrac-
tion peak than that observed by using the normal
method (Figure 5), meaning the (110) plane of BaTiO3
parallels the basal plane of the platelike particle. In the
case of the oriented anatase sample, only (101) and (103)
diffraction peaks were observed. The orientation proper-
ties suggest that the formations of BaTiO3z and anatase
from the layered titanate are topotactic structural
transformation reactions.

To analyze the crystal-axis orientation quantitatively,
an orientation index was defined and calculated from
the diffraction peak intensities of the X-ray diffraction
patterns. An intensity factor (IFnky) is defined as the
ratio of the peak intensity for the diffraction peak of
interest to the sum of the intensities of the diffraction
peaks and, for example, is expressed as follows:

”:(110) = |(110)/(|(100) + I(110)+ |(111)) 1)

for the (110) diffraction peak of BaTiO3z and

IFq03) = |(103)/ ('(101) * laos) T lioosy T |(200)) )

for the (103) diffraction peak of anatase, where ) refer
to the relative diffraction peak intensity in the X-ray
diffraction pattern. The orientation index is defined as
follows:

Olpiay = 1 Fo(hkl)“ FS )

where IFOny refers to the intensity factor calculated
from the X-ray diffraction pattern of the platelike
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Figure 3. SEM photographs of (a) KTLO and (b) HTO samples.
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Figure 4. X-ray diffraction patterns of products obtained by
hydrothermal treatment of HTO in (a) 0, (b) 0.1, (c) 0.2, and
(d) 0.3 M Ba(OH); solutions, respectively, at 150 °C for 1 day:
A, anatase phase; O, BaTiOs; phase; [0, layered titanate phase.
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Figure 5. X-ray diffraction patterns of products obtained by
hydrothermal treatment of HTO in (a) 0, (b) 0.1, (c) 0.2, and
(d) 0.3 M Ba(OH); solutions, respectively, at 200 °C for 1 day:
A, anatase phase; O, BaTiOs; phase; O, layered titanate phase.

sample oriented on the silica glass slide (Figure 8) and
IFSkiy refers to a standard intensity factor calculated
from the JCPDS card (BaTiO3 No. 31-174 and anatase
No. 21-1272). The Ol and IFOiy values for BaTiOs

and anatase samples prepared at 200 °C and IFSn)
values are given in Table 1. The Ol10) values for all
BaTiO3; samples are larger than 1 and decrease with
increasing concentration of Ba(OH), used in the hydro-
thermal treatment (Table 1), while Ol(100) and Ol112)
values are smaller than 1 and increase with increasing
concentration of Ba(OH), solution. These results indi-
cate that the platelike BaTiO3 particles show a high
crystal-axis orientation along the [110] direction. The
orientation decreased with the increase of the concen-
tration of the Ba(OH), reaction solution. The platelike
anatase particles show a larger Ol(i03) value than 1, and
other Ol values are smaller than 1, meaning high
orientation along the [103] direction.

Structural Transformation Reaction. On the
basis of the above results, we propose a reaction model,
as shown in Figure 9, for the formation reaction of
BaTiOs. In the first step, K* in the interlayer space and
Li™ in the host octahedral layer of the KTLO layered
structure are exchanged with HzO" by the acid-treat-
ment, forming HTO. In a Ba(OH), solution, H3;O* in the
interlayer space of HTO is exchanged with Ba?" but still
retains the layered structure in this stage. Under the
hydrothermal conditions, the layered structure trans-
forms to the perovskite structure of BaTiOs. There are
two simultaneous mechanisms in the formation of
BaTiO3 under the hydrothermal conditions. One is an
in situ topotactic transformation reaction in the crystal
bulk of the layered titanate, and we call it a hydrother-
mal soft chemical reaction. Another is a dissolution—
deposition reaction on the surface of the particles. In
the hydrothermal soft chemical reaction, Ba2" in the
interlayer space can react with the TiOg octahedral
layers of HTO in the crystal bulk to form BaTiOs in situ,
in which the TiOg octahedra shift regularly from the
positions of the layered structure to the positions of the
BaTiO3 structure in a sub-nanometer order distance.
BaTiO3 formed by the hydrothermal soft chemical
reaction retains the morphology of the precursor. Since
the H*/Ti mole ratio is 1.07/1.73 in HTO, only about
one third of the Ba?" can be supplied to the formation
reaction of BaTiOj3 by the ion-exchange reaction of Ba%*/
H*. This suggests that another Ba2* insertion reaction
also occurs simultaneously to supply more Ba?*, ac-
companying the transformation reaction from the lay-
ered structure to the perovskite structure. Since Ba%"
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Figure 6. SEM photographs of platelike particles obtained by hydrothermal treatment of HTO in (a) distilled water and (b) 0.3

M Ba(OH), solution, respectively, at 200 °C for 1 day.

5um

Figure 7. SEM photographs of platelike particle surfaces of (a) HTO used as the precursor and products obtained by hydrothermal
treatment of HTO in (b) O, (c) 0.1, and (d) 0.3 M Ba(OH); solutions, respectively, at 200 °C for 1 day.

can migrate into the crystal bulk through the interlayer
pathway and react with the octahedral layers in the
crystal bulk, the formation of BaTiOg is easy at the mild
hydrothermal conditions and even the precursor has a
large particle size.

The formation of fine BaTiO3 particles (Figure 7) on
the platelike particles is due to a dissolution—deposition
reaction on the surface of the particles. The titanium
oxide dissolves in an alkaline solution, and the dissolved

titanium reacts with Ba2" in the solution near the
surface of the precursor particles, forming the fine
BaTiO;3 particles on the particle surface. The dissolu-
tion—deposition reaction is similar to the normal hy-
drothermal reaction. The fine BaTiO3 particles formed
by the dissolution—deposition reaction may not show a
crystal-axis orientation property. The decrease of the
crystal-axis orientation of BaTiO3z with increasing Ba-
(OH), concentration (Table 1) is due to the increase of
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Figure 8. X-ray diffraction patterns of platelike particles
oriented on a silica glass slide. The samples were prepared by
hydrothermal treatment of HTO in (a) 0, (b) 0.1, (c) 0.2, and
(d) 0.3 M Ba(OH); solutions, respectively, at 200 °C for 1 day:
A, anatase phase; O, BaTiO; phase.

Table 1. Orientation Index and Intensity Factor of
BaTiO3; and Anatase Platelike Particles Prepared

at 200 °C
sample IFO(hkKI) IFS(hkl) Ol(hkl)
Standard BaTiO3; (JCPDS No. 31-174)
(100) 0.0972 1
(110) 0.694 1
(111) 0.208 1
Platelike BaTiO3
0.1 M Ba(OH);,
(100) 0.0710 0.730
(110) 0.871 1.26
(111) 0.0547 0.263
0.2 M Ba(OH)»
(100) 0.0728 0.749
(110) 0.844 1.22
(111) 0.0830 0.399
0.3 M Ba(OH)»
(100) 0.0741 0.762
(110) 0.807 1.16
(111) 0.119 0.572
Standard Anatase (JCPDS No. 21-1272)
(101) 0.606 1
(103) 0.0606 1
(004) 0.121 1
(200) 0.212 1
Platelike Anatase
(101) 0.553 0.913
(103) 0.372 6.14
(004) 0.00 0.00
(200) 0.0746 0.352

the dissolution—deposition reaction in the high-concen-
tration solution of Ba(OH),.

The transformation from HTO to anatase is a dehy-
dration reaction. SEM study (Figure 7) reveals that the
platelike particles of the anatase have a smooth particle
surface, suggesting that most of the transformation
progressed by an in situ topotactic reaction under the
hydrothermal conditions. A fine particle was not ob-
served on the platelike anatase particles, because of the
low solubility of titanium in the neutral solution. On
the basis of the mechanisms of the transformation
reactions, it is easy to understand that the suppression
of the dissolution—deposition reaction is important to
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Figure 9. Model of formation reactions of BaTiO3 from the
layered titanate.

obtain perfect platelike particles of crystal-axis orienta-
tion.

The studies on the fibrous BaTiO3 particles prepared
from fibrous layered hydrous potassium titanate (2K,0-
11TiO2+3H,0) indicated that the fibrous BaTiO3; par-
ticles show a crystal-axis orientation, and the fiber axis
is perpendicular to the (001) plane of BaTiO3.1516 The
different orientation directions of the platelike particles
prepared here and the fibrous particles are due to
different structures of the HTO and fibrous layered
hydrous potassium titanate, which were used as the
precursors. HTO has a flat TiOg octahedral layered
structure, while fibrous layered hydrous potassium
titanate has a stepped TiOg octahedral layered struc-
ture.?4#?° The different orientation behavior also sug-
gests that the transformation from the layered struc-
tures to the BaTiOj3; perovskite structure is the in situ
topotactic reaction, and orientation direction can be
controlled by using the precursors with different struc-
tures.

A crystallographic description of the relationship
between the layered structures of titanates and the
orientation directions of BaTiOsz particles is important
to predict the orientation direction of BaTiO3 particles
from the structure of the precursor. From the perovskite
structure of BaTiOs, it can be understood that Ba?* ions
are located on the (001) and (110) planes. This fact
suggests that [001] or [110] direction-oriented BaTiO3;
particles may be formed easily from layered titanates.
In the transformation reactions from the layered struc-
tures to the BaTiOs structure, Ba?t and TiOg octahedra

(29) Sasaki, T.; Watanabe, M.; Fujiki, Y.; Kitami, Y. Chem. Mater.
1994, 6, 1749.
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have to shift from the positions of the layered structures
to the positions of the BaTiO3 structure. The structural
change from the layered titanates to BaTiOs will be
smallest, when [001] or [110] direction-oriented BaTiO3
particles are formed.

Conclusion

The results of this study indicate that the hydrother-
mal soft chemical process can be used for the synthesis
of the crystal-axis-oriented BaTiO3; and anatase par-
ticles, and the particle morphology of the products is
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dependent on that of the precursor. The transformations
from the layered structure of HTO to the structures of
BaTiO3 and anatase progress mainly by an in situ
topotactic reaction. The crystal-axis orientation direction
of BaTiO3 particles is dependent on the structure of the
precursor. The method used in this study will not be
limited to the preparations of BaTiO3z and anatase but
will also be useful for the preparation of other materials
with special morphologies.
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