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ABSTRACT: This paper introduces a Bag s(Big sKo.s)o.sTiO3
(BBKT) platelike particle constructed from cuboidlike nano-
crystals which arrange in the same crystal-axis-orientation
direction. This platelike particle is synthesized via a novel
two-step solvothermal soft chemical process. In the first step,
platelike particles of a layered titanate H; o, Ti; 730, (HTO)
precursor is solvothermally treated in Ba(OH), solution to
obtain platelike particles of a BaTiO;—HTO (BT—HTO)
nanocomposite. In the second step, the nanocomposite parti-
cles are hydrothermally treated in BiCl;—KOH solution to
obtain the BBKT platelike particles. The formation reaction and
nanostructure of the BBKT platelike particles were character-
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ized by X-ray diffraction (XRD), field-emission scanning electron microscopy (FE-SEM), transmission electron microscopy
(TEM), selected-area electron diffraction (SAED), and energy-dispersive spectroscopy (EDS). BBKT platelike particles prepared
via this method present an SAED pattern similar to the single crystal, although it is a polycrystalline particle. All the BBKT
nanocrystals in each platelike BBKT particle have the same orientation to the [110]-direction. There is a definite relationship
between the crystal-axis directions of the HTO precursor and the BBKT product.
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B INTRODUCTION

The solvothermal soft chemical process is a useful and unique
method for the preparation and design of functional inorganic
materials.' > This process typically comprises two steps: the first
step is the preparation of a framework precursor with layered
structure and insertion of template ions or molecules (structure-
directing agents) into its interlayer space by a soft chemical
reaction, and the second step is the structural transformation of
the template inserted precursor into a desired structure by a
solvothermal reaction. The crystal structure of the product can be
controlled by the used template, and the product particle morphol-
ogy is dependent on the morphology of the used precursor. This
method has been utilized for the synthesis and design of metal
oxides and organic—inorganic nanocomposites with controlled
structure, morphology, and chemical composition.‘F6

In the study of particle morphology control, we have prepared
BaTiO; (BT) platelike particles with [110]-crystal-axis orienta-
tion via solvothermal treatment of layered titanate H; o, T 730,
nH,O (HTO) particles with platelike morphology in a Ba(OH),
solution.” In the solvothermal reaction, the layered structure of
HTO precursor is transformed to a BT perovskite structure by an
in situ topotactic structural transformation reaction, and the
particle morphology of the HTO precursor remains after the
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reaction. The platelike particles of BT prepared via this method
are constructed from spherical nanocrystals that are arranged in
the same crystal-axis orientation. Such BT platelike particles have
potential applications to the fabrication of crystal-axis-oriented
BT materials, such as oriented dielectric and piezoelectric
materials.®

Recently, lead-free piezoelectric materials, such as BaTiO3,
Bij 5K sTiO3, KNbO;, and NaNbOj, have attracted consider-
able attention to the increasing potential application on environ-
mental benign materials.” > These lead-free piezoelectric
materials, however, have a common drawback; their piezoelectric
constants are much lower than that of Pb(Zr,Ti)TiO5 (PZT),
which is an excellent and widely used piezoelectric material;
however, this material contains a large amount of lead, which is
an environmental pollutant. To enhance the piezoelectricity, two
types of approach have been reported. One is the application of
domain engineering. The domain engineering studies suggest
that the piezoelectricity of the piezoelectric ceramics can be

enhanced greatly by decreasing the domain size,">'* and the
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domain size can be decreased by reducing the grain size of the
ceramic."® Another approach is use crystal-axis-oriented materi-
als, because the piezoelectric materials show crystal-axis anisot-
ropy. Some methods, such as templated grain growth method
and reactive templated grain growth method, have been devel-
oped to fabricate the crystal-axis-oriented ceramics.'® In these
methods, the template particles with platelike or fibrous mor-
phology are necessary, because they can be oriented easily via
mechanical methods.

A [110]-axis-oriented BT ceramic has been fabricated by the
templated grain growth method using the [110]-oriented BT
platelike particles as the template.® The BT ceramic fabricated by
this method exhibits a high orientation degree of 85% and a very
large piezoelectric constant ds3 value of 788 pC/N. For the
practical applications as a piezoelectric material, however, the
working temperature range of BT is limited by its relatively lower
Curie temperature (T.) of 120 °C and higher phase transition
temperature from tetragonal phase to orthorhombic phase of
~0 °C." BigsKosTiO5 (BKT) with a perovskite structure is
another ferroelectric material with a higher T'. of 380 °C."® How-
ever, a dense BKT ceramic is very difficult to obtain, because of
the high volatility of the potassium at high sintering temperatures."”
To solve these problems, recently some studies have focused on
Ba;_(BigsKos),TiO3 (BBKT) solid solution.”*”** Comparison
with BT, not only the T, of BBKT shifts to higher temperatures, but
the phase transition from tetragonal phase to orthorhombic phase
shifts to a lower temperature,” which expands the working temper-
ature range of the piezoelectric material. Furthermore, the high-
density BBKT ceramic can be obtained in a composition range of
x < 0.6, and the sintering temperature become lower with increasing
the x value.*® To enhance the piezoelectricity, the oriented BBKT
ceramic has been prepared via a reactive templated grain growth
method, using platelike Bi, TizO, particles as the template.””** The
oriented BBKT ceramic exhibits a larger piezoelectric constant ds3
value than that of nonoriented ceramics.

To fabricate further high-performance piezoelectric materials,
the application of the domain engineering to the oriented cera-
mics is expected. Until now, however, it has not been achieved yet,
because the fabrication of an oriented ceramic with small grain size
has not been achieved. For the fabrication of the oriented ceramic
with small grain size, the platelike template particle must be a
nanocrystal. In the most cases, however, platelike template parti-
cles with micrometer size are used, because such particles can be
oriented easily via mechanical methods in the oriented ceramic
fabrication process.”**” Very recently, we have fabricated a [110]-
oriented Bag 9Cag;TiO3 ceramic with a high orientation degree
(75.8%) and small grain size (~1—2 um), using a [ 110]-oriented
Baj oCay ; TiO; platelike particle as the template.28 This platelike
template particle is constructed from the spherical nanocrystals.
This result suggests that the platelike particle constructed from the
nanocrystals has a great possibility for the fabrication of oriented
ceramics with small grain size.

In this paper, we describe the preparation of the platelike
BBKT particles by a novel two-step solvothermal soft chemical
process, the formation reaction mechanism, and the character-
ization of the platelike particles. The platelike BBKT particle
prepared via this method is constructed from cuboidlike BBKT
nanocrystals, which are arranged in the same crystal-axis orienta-
tion. The platelike BBKT particle is very difficult to prepare via
the normal method, because of its complex chemical composi-
tion. The success in preparing the platelike BBKT particle is a
significant milestone to challenge the high performance lead-free
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Figure 1. Phase diagram for HTO—Ba(OH),—BiCl;—KOH reaction
system under hydrothermal conditions.

piezoelectric materials by applying the domain engineering to the
oriented ceramics.

B EXPERIMENTAL SECTION

Synthesis of Bags(BigsKos5)o5TiOs by One-step Hydro-
thermal Process. The starting material of the layered titanate
H, 07Ti; 7304+ nH,0 (HTO) with platelike particle morpholo
was prepared using the method described in the literature.”
According to the stoichiometric composition of Bag s(Bio sKo.5)0.5-
TiO3, HTO (0.094 g), BiCls, Ba(OH),, and 30 mL of a desired-
concentration KOH water solution were placed in a Teflon-lined,
sealed stainless-steel vessel with an inner volume of 85 mL, and
then hydrothermally treated at a desired temperature for 12 h
under stirring conditions. After the hydrothermal treatment, the
product was filtered, washed with distilled water, and then dried
at room temperature.

Synthesis of Bags(BigsKos)o5TiOs via a Two-Step Sol-
vothermal Process. In the two-step solvothermal process for
Bag s(Big sKos)osTiOs, first, the BaTiO;—HTO (BT-HTO)
nanocomposite sample was prepared via the solvothermal treat-
ment of HTO (0.094 g) and anhydrous Ba(OH), (molar ratio of
Ba/Ti = 0.5:1) in 30 mL of a water—ethanol mixed solvent
(volume ratio = 2:28) at 150 °C for 12 h under stirring con-
ditions. After the solvothermal treatment, evaporation was
performed at 90 °C to remove the solvent. In the second step,
according to the stoichiometric composition of Bag s(Big sKo.s)o.s-
TiO3, the obtained BaTiO;—HTO nanocomposite, BiCl;, and
30 mL of desired concentration KOH water solution were placed
in a Teflon-lined, sealed stainless-steel vessel with an inner volume
of 85 mL, and then hydrothermally treated at a desired tempera-
ture for 12 h under stirring conditions. After the second-step
hydrothermal treatment, the product was filtered and washed with
the distilled water, and then dried at room temperature.

Physical Analysis. The crystal structure of the sample was
investigated using a powder X-ray diffractometer (Shimadzu,
Model XRD-6100) with CuKat (4 = 0.15418 nm) radiation. The
size and morphology of the particles were observed using field-
emission scanning electron microscopy (FE-SEM) (Hitachi,
Model S-900). Transmission electron microscopy (TEM) ob-
servation and selected-area electron diffraction (SAED) were
performed on a JEOL Model JEM-3010 system at 300 kV,
and the powder sample was supported on a microgrid. Energy-
dispersive spectroscopy (EDS) (JEOL Model JED-2300T) was
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Figure 2. Field-emission scanning electron microscopy (FE-SEM) images of (a) the HTO precursor, (b) the BBKT sample obtained via hydrothermal
treatment of HTO in Ba(OH),—BiCl;—3-mol/L KOH water solution at 200 °C for 12 h, and (c) the BT—HTO nanocomposite sample.

measured on the TEM system. In the chemical composition
analysis, the sample first was dissolved in a solution, and then the
Ba, Bi, and Ti contents in the solution were measured using a
sequential plasma spectrometer (Shimadzu, Model ICPS-7510)
and K content in the solution was measured using an atomic
absorption spectroscopy (AAS) system (Hitachi, Model AA78).

B RESULTS AND DISCUSSION

Formation of Bags5(Big5Ko.5)05TiO3z under Hydrothermal
Conditions. First, we investigate the formation reaction of
Ba s(BiosKos)osTiO3 (BBKT) phase from H ;Ti; 7304 (HTO)
under hydrothermal conditions. Figure 1 presents a phase
diagram for the HTO—Ba(OH),—BiCl;—KOH reaction system
under the hydrothermal conditions. This phase diagram is
obtained from XRD results of the products in the HTO—Ba-
(OH),—BiCl;—KOH reaction system (see Figures S1 and S2 in
the Supporting Information). At 150 °C, BaTiO; phase with a
pseudo-cubic perovskite structure and a Bi;; TiO5 phase (JCPDS
File No. 34-0097) are formed mainly in a KOH concentration
range of 0.5—1.5 mol/L, while single BBKT phase with the
pseudo-cubic perovskite structure is formed mainly in a KOH
concentration range of 3—8 mol/L. At 200 °C, the KOH
concentration range of the BBKT phase formation expands to
0.5—8 mol/L.

The HTO precursor has a platelike particle morphology, with
a particle size ~3 um in width and 200 nm in thickness (see
Figure 2a). After the hydrothermal reaction at 200 °C, spherical
BBKT particles with a particles size of ~200 nm are obtained
(Figure 2b), meaning the destruction of the precursor platelike
morphology in the formation reaction of the BBKT phase. We
find that the destruction of the platelike morphology occurs
under all the reaction conditions where the single BBKT phase
can be formed. This is due to the fact that a high KOH con-
centration and/or high reaction temperature are necessary for
the formation of the BBKT phase, while the platelike morphol-
ogy of HTO is very easy to be destroyed under these reaction
conditions by a dissolution—deposition reaction. These results
suggest that only the spherical particles of BBKT can be obtained
by the direct hydrothermal treatment of HTO in the Ba-
(OH),—BiCl;—KOH water solution, meaning that the spherical
BBKT particles can be prepared by the conventional one-step
hydrothermal process as described above, but not platelike
BBKT particles.

Formation of BaTiO;—HTO Nanocomposite Platelike Par-
ticles. To prepare BBKT platelike particles, we have developed a
novel two-step solvothermal process to inhibit the platelike
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Figure 3. XRD patterns of (a) layered titanate HTO precursor, (b)
BT—HTO nanocomposite, and samples obtained by hydrothermal
treatment of BT-HTO nanocomposite in BiCl;—3-mol/L KOH water
solution at (c) 150 and (d) 200 °C for 12 h, respectively.

morphology destruction in the formation process of BBKT. In
the first step, the HTO precursor is reacted partially with
Ba(OH), under the solvothermal conditions in a water—ethanol
mixed solvent to obtain a BaTiO;—HTO (BT—HTO) nano-
composite. In the second step, the BT —HTO nanocomposite is
hydrothermally treated in BiCl;—KOH water solution to trans-
form it to the BBKT phase. Figure 3 presents the XRD patterns of
samples obtained by the two-step solvothermal process. After the
solvothermal treatment of HTO and Ba(OH), (Ba/Ti molar
ratio = 0.5/1) in the water—ethanol mixed solvent (volume ratio =
2:28) at 150 °C, a mixture of the HTO phase and a low crystalline
BaTiO; (BT) phase are formed, indicating that the HTO
precursor is partially transformed to BT phase.

The FE-SEM result reveals that the BT-HT O nanocomposite
sample retains the platelike morphology of the HTO precursor
(see Figure 2c). Figure 4 shows the TEM images and SAED
patterns of the HTO precursor and BT —HTO nanocomposite
sample. The platelike HTO particle is a single crystal with a
smooth particle surface. It is very interesting that the platelike
particle of the BT—HTO nanocomposite is constructed from
many small spherical nanoparticles with a particle size of ~10 nm. In
the SAED pattern of the nanocomposite, two sets of SAED spots
for the HTO layered phase and the BT perovskite phase are
observed simultaneously in one platelike particle (see Figure 4d),
indicating that BT and HTO phases coexist in one platelike
particle. The spherical nanoparticles correspond to the BT phase,
and these nanoparticles are inlaid into the platelike substrate
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Figure 4. (a, ) TEM images and (b, d) SAED patterns of the HTO
precursor (panels a and b) and BT—HTO nanocomposite (panels c and d)
obtained by solvothermal treatment of HTO in Ba(OH), solution.

of the HTO phase, forming the nanocomposite as shown in
Figure 4c.

Transformation of BaTiO;—HTO Nanocomposite into
Bag 5(Bio.sKo.5)0.5TiO3 by Hydrothermal Reaction. In the sec-
ond step, the BT—HTO platelike particles are hydrothermally
treated in the BiCl;—KOH solution to transform BT—HTO into
the BBKT phase. After the hydrothermal reaction at 150 °Cin a
BiCl;—3-mol/L KOH solution, the XRD peak intensity of the
perovskite phase increases, but the unreacted HTO, and new
phases of TiO, and Bi;,TiO, are observed also (Figure 3c),
revealing that the formation reaction of BBKT is incomplete
under these conditions. However, after the hydrothermal reac-
tion at 200 °C in the BiCl3;—3-mol/L KOH solution, the
unreacted HTO, TiO,, and Bi;,TiO,q phases disappear, and
the single BBKT perovskite phase is obtained. The diffraction
peaks of perovskite phase slightly shift to the larger 26 valuess
after the hydrothermal reaction, because the BaTiOj; phase is
transformed to the BBKT phase. The BBKT phase has the same
pseudo-cubic perovskite structure as the BaTiO; phase, but hasa
slightly smaller lattice constant than the BaTiO3 phase.”® The
BaTiO; phase in the BT—HTO nanocomposite sample has a
lattice constant of @ = 0.405 nm. After the transformation to the
BBKT phase, the lattice constant decreases to 0.400 nm (see
Figure 3d).

In order to understand the influence of KOH concentration on
the formation of platelike BBKT particles in the BiCl;—KOH
solution, the reaction temperature and time are fixed to 200 °C
and 12 h, respectively, and the KOH concentration is changed in
a range of 0.1—8.0 mol/L. Figure S is the XRD patterns of
samples obtained by the hydrothermal treatment of the
BT—HTO nanocomposite at 200 °C. In the 0.1 mol/L KOH
solution, except the perovskite phase, a BiyTi3;O,, phase (JCPDS
File No. 47-0398) is formed. The diffraction peak intensity of the
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Figure S. XRD patterns of sample obtained by the hydrothermal
treatment of BT —HTO nanocomposite in BiCl;—KOH water solution
with different KOH concentrations at 200 °C for 12 h. The KOH
concentrations are 0.1 mol/L (pattern a), 0.5 mol/L (pattern b),
1.5 mol/L (pattern c), 3.0 mol/L (pattern d), 5.0 mol/L (pattern e), and
8.0 mol/L (pattern f), respectively.

BiyTi30,, phase decreases with increasing KOH concentration,
and then the Bi;Ti;O,, phase disappears when the KOH
concentration is higher than 1.5 mol/L, where only BBKT phase
is observed. The diffraction peaks of the perovskite phase
become sharper with increasing the KOH concentration. These
results indicate that the single BBKT phase can be obtained when
the KOH concentration is higher than 1.5 mol/L at 200 °C.
Furthermore, its crystallinity increases with increasing KOH
concentration. Chemical composition analysis result indicates
that the molar ratio of Ba/Bi/K/Tiin the BBKT sample prepared
in 8 mol/L KOH solution is 0.50:0.26:0.22:1, which is similar to
the stoichiometric formation of Bag s(Big sKo.5)o.sTiO5.

Figure 6 presents the FE-SEM images of the samples obtained
by the hydrothermal treatment of BT —HTO in the BiCl;—KOH
solutions at 200 °C for 12 h. The samples retain the platelike
morphology of the BT—HTO nanocomposite precursor after
the hydrothermal reaction in a KOH concentration range of
0.1—8.0 mol/L. Each platelike particle is constructed from
nanoparticles with a size of ~20 nm. In the KOH concentration
range of 0.1—0.5 mol/L, sheetlike nanoparticles ~10 nm thick
are observed on the surface of the platelike particles (see
Figure 6a). The basal plane of the sheetlike crystals is always
vertical to the basal plane of the platelike particle. The sheetlike
crystals can be relegated to the Bi Ti;O,, phase, because the
XRD result indicates the formation of Bi,Ti;O;, in the KOH
concentration range of 0.1—0.5 mol/L (see Figure S), and also
BiyTi;0,, preferentially forms the sheetlike crystals.*® The
morphology of the nanoparticles in the platelike particle changes
from irregular to cuboidlike as the KOH concentration increases
from 0.5 mol/L to 8.0 mol/L (see Figure S3 in the Supporting
Information), suggesting that the crystal growth occurs in the
high KOH concentration solution. It is interesting that the
cuboidlike nanoparticles regularly orient in platelike particle, sug-
gesting the formation of a crystal-axis-oriented platelike BT —
BKT particle. The above results reveal that the platelike BBKT
particles can be prepared by the hydrothermal treatment of the
BT—HTO nanocomposite.

Effect of Reaction Time on Bag 5(BigsKo 5)0.5TiOs Forma-
tion. To study the formation mechanism of the platelike BBKT
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Figure 6. FE-SEM images of samples obtained by the hydrothermal treatment of the BT—HTO nanocomposite in a BiCl;—KOH water solution with
different KOH concentrations at 200 °C for 12 h; the KOH concentrations are (a) 0.5, (b) 3.0, and (c) 8.0 mol/L, respectively.
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Figure 7. XRD patterns of samples obtained by hydrothermal treat-
ment of the BT—HTO nanocomposite in BiCl;—3-mol/L KOH water
solution at 200 °C for 2 h (pattern a), 4 h (pattern b), 6 h (pattern c),
12 h (pattern d), and 48 h (pattern e).

particles, we investigate the effect of reaction time on the BBKT
formation. Figure 7 presents the XRD patterns of samples
prepared by the hydrothermal treatment of BT—HTO in the
BiCl;—3-mol/L KOH solution at 200 °C for different reaction
times. The formations of Bi;> TiO,y and TiO, are observed at 2 h.
The Bi;,TiO, phase increases as the reaction time is prolonged
up to 4 h, then decreases, and finally disappears after 6 h, forming
the single BBKT phase. The crystallinity of BBKT becomes
stronger as the reaction time is prolonged. These results indicate
that the formation of the BBKT phase from the BT—HTO
nanocomposite is a two-step reaction. In the first step, the
Bi;; TiO, phase is formed b 27 the reaction of the HTO phase
in the nanocomposite with Bi’" in the solution, or first the HTO
phase is transformed into the TiO, phase, and then the TiO,
phase reacts with Bi** in the solution to form the Bi;,TiO,
phase. In the second-step, the BBKT phase is formed via reaction
of the BT phase with the Bi;,TiO,, phase in KOH solution.
The particle morphology change in the formation process
from the BT—HTO nanocomposite to BBKT particles is in-
vestigated using FE-SEM (Figure 8). After the hydrothermal
reaction for 4 h, hexahedron nanoparticles with a size of ~50 nm
are observed on the surface of the platelike particles, forming a
platelike particle with a bumpy surface (see Figure S4 in the
Supporting Information). The hexahedron nanoparticles on the
platelike particle surface can be relegated to the Bi;; TiO,( phase,
because the XRD result indicates that the Bi;;TiO,g phase is

formed in the sample at the reaction time of 4 h (see Figure 7a).
After the hydrothermal reaction for 6 h, the Bi;; TiO,( nanopar-
ticles disappear, and the surface of the platelike particles becomes
smooth, forming platelike particles constructed from cuboidlike
BBKT nanoparticles with a particle size of ~30 nm (see Figure
S4 in the Supporting Information). When the reaction time is
prolonged to 48 h, the platelike particles tend to be split into the
BBKT spherical nanoparticles with a particle size of ~100 nm
(see Figure 8c). The destruction of the platelike particle mor-
phology is due to the crystal growth of BBKT nanoparticles in the
platelike particle.

Nanostructural Study of Formation Reaction of Bags-
(Bio.5Ko.5)0.5TiO3. Figure 9 presents the TEM images and EDS
spectra for the BT —HTO nanocomposite and samples prepared
via hydrothermal treatment of the BT —HTO nanocomposite in
BiCl;—3-mol/L KOH solution at 200 °C for different times. All
these samples have the platelike particle morphology, and the
platelike particles are the polycrystalline particles constructed
from nanoparticles. The chemical composition distributions in
these platelike particles are investigated using EDS analysis.
Three positions (labeled as “A”, “B”, and “C” in Figure 9b) in
each platelike particle of the BT —HTO nanocomposite present
almost the same EDS spectra, suggesting a homogeneous
chemical composition distribution in the platelike particle.
Although the BT —HTO nanocomposite is the mixture of BT
and HTO phases, the BT nanoparticles distribute uniformly in
the platelike particle and the particle size of BT is very small
(~10 nm) (see Figure 4c). Since the detecting spot region of
EDS is ~10—1S nm, almost the same chemical composition is
observed at different positions on the platelike particle. In the
platelike particle of the BT —Bi;,TiO,, mixed-phases sample
prepared via the hydrothermal treatment of BT—HTO in
BiCl;—3-mol/L KOH solution at 200 °C for 4 h, the different
positions (A, B, and C) present different EDC spectra; the Bi
contents especially are quite different (see Figure 9d). In this
sample, the surface of the platelike particle is covered by the
Bi;» TiO, nanoparticles with relatively large size (~50 nm), and
the distribution of the Bi;;TiO,( nanoparticles is not uniform
(see Figure S4b in the Supporting Information). The BBKT
platelike particle prepared via the hydrothermal treatment of
BT—HTO in a BiCl;—3-mol/L KOH solution at 200 °C for 12 h
presents a uniform chemical composition distribution (see
Figure 9f), meaning the homogeneous composition.

To investigate the structural transformation reaction mechan-
ism from the HTO layered structure to the BBKT perovskite
structure, a detail nanostructure analysis is performed on the
BBKT platelike particles and its intermediate products in the
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Figure 8. FE-SEM images of samples obtained by hydrothermal treatment of the BT —HTO nanocomposite in BiCl;—3-mol/L KOH water solution at
200 °C for (a) 4, (b) 6, and (c) 48 h, respectively.
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Figure 9. (a,c,e) TEM images and (b, d, f) EDS spectra of BT-HTO nanocomposite (panels a and b) and samples obtained by hydrothermal treatment
of the BT—HTO nanocomposite in BiCl;—3-mol/L KOH water solution at 200 °C for 4 h (panels cand d) and 12 h (panels e and f). EDS spectra of the
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regions labeled “A”, “B”, and “C” respectively correspond to those observed at the positions marked A, B, and C in TEM images.

transformation process using TEM and SAED. In the SAED spots are observed simultaneously (see Figure 4d). The diffrac-
pattern of the BT —HTO nanocomposite, two sets of diffraction tion spots with d-values of 0.376 and 0.285 nm correspond to the
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(200) and (002) planes of the HTO layered structure, respec-
tively. The diffraction spots with d-values of 0.198 and 0.141 nm
correspond to the (002) and (220) planes of the BT perovskite
structure, respectively. We find a definite relationship between
the crystal-axis directions of HTO and BT phases in one platelike
particle of the BT —HTO nanocomposite. The g-axis direction of
HTO layered structure corresponds to the c-axis direction of
BaTiO; structure, and the c-axis direction of the layered structure
corresponds to the [110]-direction of BaTiOj; structure. This
result indicates that all the BT nanoparticles in one BT—HTO
nanocomposite particle have the same orientation and the [110]-
direction is vertical to the basal plane of the platelike particle.
Figure 10 presents the SAED patterns and HRTEM images of
the BT —Bi;,TiO,o sample and the BBKT sample obtained by
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: “
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Figure 10. (a, c) SAED patterns and (b, d) HRTEM images of samples
obtained by hydrothermal treatment of BT-HTO nanocomposite in a
BiCl;—3-mol/L KOH water solution at 200 °C for (a, b) 4 and (c, d)
12 h, respectively.

the hydrothermal treatment of the BT —HTO nanocomposite
sample for 4 and 12 h, respectively. The BT —Bi;,TiO,o sample
also presents two sets of diffraction spots in its SAED pattern.
The diffraction spots with d-values of 0.163 and 0.258 nm
correspond to the (620) and (004) planes of the Bi;,TiO,
structure. Moreover, a clear lattice image of Bi;;TiO, structure
with a lattice spacing of d(;59) = 0.352 nm is observed in the
HRTEM image. The diffraction spots with d-values of 0.399 and
0.285 nm correspond to the (001) and (110) planes of the
BaTiO; perovskite structure. This result indicates that there is a
definite relationship between the crystal-axis directions of Bi,,-
TiO,( and BT phases in one platelike BT —Bi;,TiO, particle.
The c-axis direction of Bi;,TiO,( structure corresponds to the
c-axis direction of the BT structure, the [310]-direction of
Bi;, TiO, structure corresponds to the [110]-direction of the
BT structure. These results suggest that all the Bij;TiOy0
nanoparticles in the platelike particle have the same crystal-axis
orientation, and the BT nanoparticles in the platelike particle
retains the [110]-orientation.

The BBKT sample presents one set of diffraction spots with d-
values of 0.398 and 0.283 nm in the SAED pattern, similar to a
single-crystal particle (Figure 10c). These diffraction spots
correspond to the (001) and (110) planes of a pseudo-cubic
BBKT perovskite structure. In the HRTEM image, a lattice
spacing of d = 0.397 nm can be assigned to the (001) planes of
pseudo-cubic BBKT structure (Figure 10d). These results in-
dicate that all the BBKT nanoparticles in one platelike particle
have the same crystal-axis orientation, where the [110]-direction
is vertical to the basal plane of the platelike particle, and this
orientation is the same as that for BT nanoparticles in the
platelike particle of the BT —HTO precursor. Therefore, the
polycrystalline BBKT platelike particles with [110]-direction
orientation are obtained by hydrothermal reaction of the
BT—HTO platelike particles in BiCl;—KOH solution. Such
platelike BBKT particles will be very significant for the fabrica-
tion of oriented BBKT ceramic with small grain size, which is
expected for high-performance piezoelectric materials, by apply-
ing domain engineering to oriented ceramics.

Formation Reaction Mechanism for Bag 5(Big 5K¢.5)0.5TiO3
Platelike Particles. A schematic representation of the formation
mechanism of the BBKT platelike particle in the two-step
solvothermal process is given in Figure 11. In the first step of
the solvothermal treatment of HT'O in a Ba(OH), solution, first,
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Figure 11. Formation mechanism of the platelike BBKT particle from HTO via a topotactic structural transformation reaction.
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Ba®" ions intercalate into the crystal bulk of HTO through the
interlayer pathway by a H/Ba>* exchange reaction, and then the
Ba>" ions react with the TiOg octahedral layers of HTO in the
crystal bulk to form the BT phase via an in situ topotactic
structural transformation reaction.” In the solvothermal reaction,
half of the HT O is transformed to the BT phase, because the Ba/Ti
mole ratio in the reaction system is 0.5/1. Since the topotactic
structural transformation reaction occurs in the HTO crystal bulk,
the uniform BT —HTO nanocomposite, as shown in Figure 4c, is
formed, and the platelike particle morphology of the HTO
precursor remains after the solvothermal reaction. Since the
transformation reaction from HTO structure to BT structure is
a topotactic reaction, there is a definite relationship between the
structures of HTO and BT, indicating that there is a definite
relationship between the crystal-axis directions of HTO and BT
structures (see Figure 4d). Therefore, all the BT nanoparticles in
one platelike particle of the BT—HTO nanocomposite have the
same crystal-axis orientation in the [110]-direction.

In the second step of hydrothermal treatment of the BT—
HTO nanocomposite in a BiCl;—KOH solution, first, the
Bi;, TiO, nanoparticles are formed on the surface of BT nano-
particles in the nanocomposite via the reaction of HTO and
Bi(III). In this reaction, the HTO phase in the nanocomposite
dissolves in the alkaline solution, reacts with Bi(IIl) in the
solution, and then forms Bi;,TiO,; on the surface of BT
nanoparticles. Since the solubility of the BaTiO; phase is lower
than the HTO phase in the alkaline solution, it almost does not
take part in the formation reaction of Bi;; TiO,q, which keeps the
BT-based platelike framework in the reaction. The SAED result
indicates that all the Bi;,TiO,o nanoparticles in the platelike
particle show the same crystal-axis orientation (Figure 10a). This
result suggests that the Bi;;TiO,y nanocrystals grow on the
surface of BT nanoparticles by a heteroepitaxial growth mechan-
ism. In the heteroepitaxial growth process, the BT-based platelike
framework acts as a porous substrate, where all the BT nano-
particles have the same crystal-axis orientation. In the final stage
of the hydrothermal reaction, the BBKT phase is formed by the
reaction of BT and Bi;,TiO, in KOH solution. This reaction is
also a heteroepitaxial growth process with the BT-based platelike
framework as the substrate, because all the BBKT nanoparticles
in one platelike particle have the same crystal-axis orientation in
the [110]-direction same as the BT nanoparticle. The mechan-
ism described above suggests that the relatively low solubility of
BT in the nanocomposite is important to keep the plate-
like particle morphology in the formation process of the
BBKT phase.

Bl CONCLUSIONS

The two-step solvothermal soft chemical process is an effec-
tive method for the preparation of the platelike Bags-
(BipsKo.s)0.sTiO3 (BBKT) particles. In the first solvothermal
treatment step, the BaTiO3;—H; o, Ti;7304 (BT—HTO) nano-
composite is formed by the partial transformation of HTO to BT.
The formation reaction is the in situ topotactic structural
transformation reaction. In the second hydrothermal treatment
step, first, the BT—Bi;,TiO,, nanocomposite is formed via
reaction of the HTO phase in the BT—HTO nanocomposite
with Bi** in the solution, and then the BBKT is formed by the
reaction of the BT —Bi;, TiO,o nanocomposite with KOH solu-
tion. The BBKT is formed by the heteroepitaxial growth on the
BT-based platelike framework. The platelike BBKT particles

prepared by this method are polycrystalline particles constructed
from the nanocrystals, and the nanoparticles in each platelike
particle show the same [110]-orientation.
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