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ABSTRACT: Ferroelectric mesocrystals of Bi0.5Na0.5TiO3
(BNT) with [100]-crystal-axis orientation were successfully
prepared using a topotactic structural transformation process
from a layered titanate H1.07Ti1.73O4·nH2O (HTO). The
formation reactions of BNT mesocrystals in HTO−Bi2O3−
Na2CO3 and HTO−TiO2−Bi2O3−Na2CO3 reaction systems
and their nanostructures were studied by XRD, FE-SEM,
TEM, SAED, and EDS, and the reaction mechanisms were
given. The BNT mesocrystals are formed by a topotactic
structural transformation mechanism in the HTO−Bi2O3−
Na2CO3 reaction system and by a combination mechanism of
the topotactic structural transformation and epitaxial crystal
growth in the HTO−TiO2−Bi2O3−Na2CO3 reaction system, respectively. The BNT mesocrystals prepared by these methods are
constructed from [100]-oriented BNT nanocrystals. Furthermore, these reaction systems were successfully applied to the
fabrication of [100]-oriented BNT ferroelectric ceramic materials. A BNT ceramic material with a high degree of orientation,
high relative density, and small grain size was achieved.

■ INTRODUCTION

Piezoelectric materials are commonly used in sensor, actuator,
and transducer technologies because of their unique ability to
couple electrical- and mechanical-energy transformations.1 In
recent years, lead-free piezoelectric materials have attracted
considerable attention because of the consideration of environ-
mental protection.2−4 Bismuth sodium titanate (Bi0.5Na0.5TiO3,
BNT) is a well-known ferroelectric material.5,6 BNT has a
perovskite structure with a rhombohedral R3c space group (a =
38.91 nm; α = 89.6°)7 at room temperature. In the perovskite
structure with the ABO3 formula, where half of the A site is
filled with bismuth(III) and the other half with sodium(I) and
the B site is filled with titanium(IV).8,9 BNT has been
considered to be one of the most promising candidate materials
for the development of lead-free piezoelectric materials because
of its relatively large remnant polarization (Pr = 38 μC/cm2)
and high Curie temperature (Tc = 320 °C).10,11 Similar to most
of the other lead-free piezoelectric materials, the piezoelectricity
of BNT is lower than that of lead-based piezoelectric
materials,12−14 so many attempts to improve the physical
properties of BNT have been carried out by various methods.

There are two kinds of effective techniques to enhance the
piezoelectricity. One is domain engineering for control of the
domain size, and the other is texture engineering for control of
the orientation direction of the piezoelectric materials.
Enhancement of the piezoelectricity and reduction of ferro-
electric hysteresis for piezoelectric materials can be realized well
by decreasing the domain size,15,16 and the domain size can be
decreased by reducing the grain size of the material.17 Because
ferroelectric materials show crystal-axis anisotropy, their
piezoelectricity and permittivity are tensor quantities and relate
to both the direction of the applied stress and the electric
field.18 Therefore, high piezoelectricity can be achieved by using
crystal-axis-oriented materials as well.19 It has been reported
that the [110]-oriented BaTiO3 ceramic material shows a
piezoelectric constant d33 value of 788 pC/N,20 which is much
larger than 190 pC/N for the normal BaTiO3 ceramic
materials.21 Consequently, the small grain size and high degree
of orientation ceramics with high density are expected for high-
performance piezoelectric materials.
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Templated grain growth (TGG) and reactive-templated grain
growth (RTGG) methods have been developed for the
fabrication of oriented ceramic materials.22,23 In these methods,
template particles with platelike or fiberlike morphology are
necessary because they can be oriented easily via mechanical
methods. [100]-,24,25 [001]-,26,27 [110]-,19,20 and [111]-
oriented28,29 perovskite ferroelectric ceramic materials, such
as BNT, BaTiO3, BNT−BaTiO3, Ba0.6Sr0.4TiO3, and
Ba1−xCaxTiO3, have been developed using the TGG or
RTGG method. Two kinds of platelike particles,
Bi4Ti3O12

23,30 and Na0.5Bi4.5Ti4O15,
31 have been reported to

be used as templates for the fabrication of oriented BNT
ceramic materials by the TGG or RTGG method.23,30,32 These
platelike particles were prepared using the solid-state reaction
or melt-salt methods, which gives large-size particles.33−35

Oriented ceramic materials with small grain size and high
density are difficult to achieve using these large platelike
particles as the templates.23,30,32

Up to now, BNT particles have been synthesized using
molten-salt,31,35−38 solid-state,39 hydrothermal,40−43 sol−
gel,44,45 vibromilling,46 and slurry synthesis methods.47

However, the obtained BNT particles show a cubic or spherical
isotropic morphology except when an anisotropic morphology
precursor is used. BNT platelike particles have been prepared
using the molten-sa l t method with Bi4Ti3O12 ,

35

Na0.5Bi4.5Ti4O15,
31,37 and Bi2Ti4O11

38 platelike particles as the
precursors. The obtained BNT platelike particles have been
used as the template to fabricate oriented BNT ceramic
materials by the TGG method.31 However, the high degree of
orientation, high density, and small grain size ceramic materials
have not been achieved because of the large size and low aspect
ratio of BNT platelike templates.
We have reported that a layered titanate H1.07Ti1.73O4·nH2O

(HTO) with a lepidocrocite-like structure and a small platelike
particle size of 200 nm thickness and 3 μm width can be
prepared by a hydrothermal reaction.48−50 The HTO platelike
particles have been used as precursors for the syntheses of
perovskite BaTiO3, Ba1−xCaxTiO3, and Ba1−x(Bi0.5K0.5)xTiO3
platelike particles by solvothermal reactions.19,49−51 The
platelike particles of perovskite titanates prepared by this
method are constructed from spherical nanoparticles, and all of
the spherical nanoparticles of perovskite titanates in the
platelike particles align and show the same [110]-direction
orientation, forming [110]-oriented platelike particles.19,49,51

The formation mechanisms of the oriented platelike particles
are in situ topotactic transformation reactions, where the metal
ions are intercalated into the HTO crystal bulk through an
interlayer pathway by an exchange reaction and then react with
the layered titanate.
These oriented platelike perovskite polycrystals are a new

class of mesocrystals. The mesocrystal is defined as an
orientational superstructure with nanometer to micrometer
size, which is made from well-aligned oriented crystalline
nanoparticles.52,53 The concept of a mesocrystal has just
recently been brought forward and developed in 2003,53 in
order to explain that crystal growth may be a crystalline
aggregation-based process via mesoscale transformation. The
mesocrystals, which are assemblies of crystallographically
oriented nanocrystals, have potential applications to catalysis,
sensing, and energy storage and conversion.52,54,55 We think
that the platelike perovskite mesocrystals are a promising
material to fabricate the high degree of orientation, high
density, and small grain size ceramic materials for high-

performance piezoelectric materials. To the best of our
knowledge, studies on the syntheses of BNT mesocrystals
and other perovskite titanate mesocrystals by the heat-
treatment method using HTO as a precursor and also on the
fabrication of oriented ceramic materials using the HTO
template have not been reported.
In the present study, we describe a new challenge on the

synthesis of platelike BNT ferroelectric mesocrystals from the
platelike HTO particle precursor using the heat-treatment
method, the studies on the formation reaction mechanism and
nanostructure, and application of the heat-treatment process to
the fabrication of crystal-axis-oriented BNT ceramic materials.
The platelike BNT particle prepared via this method is
constructed from the aligned nanoparticles, and each nano-
particle shows the same [100] orientation, namely, [100]-
oriented BNT mesocrystals. [100]-oriented BNT ceramic
materials with a high degree of orientation, high density, and
small grain size can be achieved by application of the heat-
treatment process to ceramic fabrication using the platelike
HTO particles as the template. Success in the fabrication of
such BNT ferroelectric ceramic materials is a significant
milestone to challenge the high-performance lead-free piezo-
electric materials by applying both domain and texture
engineering to the piezoelectric ceramics simultaneously.

■ EXPERIMENTAL SECTION
Materials. All reagents used in this study were of analytical grade

and were used without further purification. Bi2O3, Na2CO3, and TiO2
(anatase) were purchased from Wako Pure Chemical Industries, Ltd. A
platelike H1.07Ti1.73O4·nH2O (HTO) powder sample was prepared by
the acid treatment of K0.8Ti1.73Li0.27O4, which was synthesized by a
hydrothermal method reported in the literature.50

Synthesis of BNT Powder Samples. Three kinds of titanium
sources, namely, platelike HTO particles, anatase TiO2 nanoparticles,
and a HTO−TiO2 mixture, were used in the solid-state reaction for
the synthesis of Bi0.5Na0.5TiO3 (BNT) particles. In the synthesis of the
BNT powder from the HTO titanium source, HTO (0.005 mol of Ti)
and a stoichiometric ratio of Bi2O3 and Na2CO3 (Bi/Na/Ti mole ratio
= 0.5:0.5:1) in the solvent of ethanol were mixed by ball milling with
5-mm-diameter zirconia balls for 24 h at a rotational speed of 60 rpm.
The mixture was dried at 60 °C for 6 h and then heated at a desired
temperature for 3 h in air with a heating rate of 10 °C/min. Similarly,
BNT powder samples were prepared using anatase TiO2 nanoparticles
or a mixture of HTO and anatase TiO2 nanoparticles as the titanium
source instead of the HTO titanium source. The mole ratio of titanium
in the HTO−TiO2 mixture was 4:6.

Preparation of Oriented BNT Ceramic Materials. The starting
materials of Bi2O3 (0.0125 mol), Na2CO3, HTO, and anatase TiO2
powders were thoroughly mixed according to the BNT stoichiometric
ratio, where the titanium mole ratio of HTO−TiO2 was 4:6. This well-
mixed starting material powder with solvent (3 g, 60 vol % toluene−40
vol % ethanol), binder [0.08 g, poly(vinylbutyral)], and plasticizer (74
μL, di-n-butyl phthalate) was milled by ball milling with 5-mm-
diameter zirconia balls at a rotational speed of 60 rpm for 48 h. The
resultant slurry was cast on a poly(ethylene terephthalate) (PET) film
tape to form a green sheet using an auto film applicator (Tester
Sangyo, PI-1210 filmcoater) by a doctor blade technique.56 After
drying, the green sheet was stacked into 64 layers with a size of 12 mm
× 12 mm and then pressed at 20 MPa for 3 min at room temperature
to form a green compact with a thickness of about 2 mm. Finally, the
green compact was sintered with a desired temperature for 3 h in air
with a heating rate of 10 °C/min.

Physical Characterization. The structures of powder and ceramic
samples were investigated using a powder X-ray diffractometer
(Shimadzu, XRD-6100) with Cu Kα (λ = 0.15418 nm) radiation.
The size and morphology of the samples were observed using scanning
electron microscopy (SEM; JEOL JSM-5500S) or field-emission

Inorganic Chemistry Article

dx.doi.org/10.1021/ic4015256 | Inorg. Chem. 2013, 52, 10542−1055110543



scanning electron microscopy (FE-SEM; Hitachi S-900). Transmission
electron microscopy (TEM) observation 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 JED-2300T)
was measured on the TEM system. The degrees of orientation
(Lotgering factor, F) of the ceramic samples in the [100] direction
were evaluated from the diffraction peak density of XRD in the range
of 3−60° using Lotgering’s formula57
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where I and I0 are the intensities of the (hkl) peaks for the oriented
and unoriented samples, respectively. The BNT powder sample
prepared using TiO2 as a titanium source was used as the unoriented
standard for evaluating the P0 value. The density of the sintered
compact was determined by a specific gravity measurement kit
(Shimadzu SMK-401) with Archimedes’ principle. The theoretical
density of 5.997 g/cm3 of BNT was used in the relative density
calculation.30,47

■ RESULTS AND DISCUSSION
Formation of BNT Mesocrystals in a HTO−Bi2O3−

Na2CO3 Reaction System. Figure 1 shows the X-ray

diffraction (XRD) patterns of the powder samples obtained
by the heat treatment of a HTO−Bi2O3−Na2CO3 mixture with
the stoichiometric ratio of BNT. The diffraction peaks of the
HTO, Na2CO3, and Bi2O3 phases were observed before heat
treatment (Figure 1a). After heat treatment at 500 °C, in
addition to the small amounts of the unreacted HTO, Na2CO3,
and Bi2O3 phases, new phases of Bi12TiO20 (JCPDS File No.
34-0097) and BNT (JCPDS File No. 89-3109) were formed
(Figure 1b), suggesting the partial reaction of the HTO−
Bi2O3−Na2CO3 mixture. The basal spacing of HTO decreased
from 0.870 to 0.732 nm because of dehydration of its interlayer
water. At 600 °C, all of the starting HTO, Bi2O3, and Na2CO3
phases were reacted, and the product containing the BNT main
phase and a very small amount of the Bi12TiO20 phase was
formed. Although the crystal structure of BNT is rhombohe-
dral, the diffraction lines are indexed based on the pseudocubic
unit cell because of small rhombohedral distortion and can be

identified by JCPDS File No. 89-3109 (cubic symme-
try).3,31,23,35,58,59 Only the BNT phase was obtained above
700 °C. Formation of the TiO2 phase was not observed in all of
the reaction temperature ranges studied here, suggesting that
the HTO phase was transformed directly into the Bi12TiO20 or
BNT phase in the reaction system. Formation of the BNT
phase occurred at much lower temperature in the HTO−
Bi2O3−Na2CO3 reaction system than in the normal TiO2−
Bi2O3−Na2CO3 reaction system (see the next section) because
of the high reactivity of HTO.
The above results indicate that, in the HTO−Bi2O3−

Na2CO3 reaction system, first the intermediate Bi12TiO20
phase is formed by reacting HTO with Bi2O3 (reaction 1),
and then the intermediate product reacts with Na2CO3 and
HTO (reaction 2), resulting in formation of the BNT phase.

+ · → +n x6Bi O
1

1.73
H T O H O Bi TiO H O2 3 1.07 1.73 4 2 12 20 2

(1)

+ + ·

→ + +

n

y

Bi TiO 6Na CO
23

1.73
H T O H O

24Bi Na TiO (BNT) 6CO H O

12 20 2 3 1.07 1.73 4 2

0.5 0.5 3 2 2 (2)

Figure 2 presents FE-SEM images of the HTO−Bi2O3−
Na2CO3 mixtures before and after heat treatment. The platelike
particle morphology of HTO with about 200 nm thickness and
about 2 μm width can be observed in the HTO−Bi2O3−
Na2CO3 mixture before heat treatment. This result indicates
that HTO particle morphology has not been damaged during
the ball-milling treatment. The platelike particles remained in
its morphology after heat treatment at 500 °C (Figure 2b). It is
interesting to observe some smaller holes with diameter of
about 60 nm and cracks in the plate (Figure S1a in the
Supporting Information, SI).
After heat treatment at 600 °C, the platelike particle

morphology also remained, but the holes and cracks
disappeared in platelike particles (Figure 2c). The platelike
particle is constructed from nanoparticles with a size of about
100 nm. This result suggests that the polycrystalline platelike
BNT particles are formed by an in situ topotactic reaction
mechanism. The platelike particles collapsed, and blocklike
particles with a size of about 200 nm were formed at 700 °C
(Figure 2d). With increasing heat-treatment temperature to 800
and 900 °C, the sizes of the blocklike particles grow to about
400 and 800 nm, respectively (Figure 2e,f).
The formation reaction of BNT in the HTO−Bi2O3−

Na2CO3 system was also investigated using TEM, high-
resolution TEM (HRTEM), and SAED, and the results for
the sample obtained at 600 °C are shown in Figure 3. The
platelike particle is constructed from nanoparticles with a size of
about 100 nm (Figure 3a), which is consistent with the FE-
SEM result (Figure 2c). The fast-Fourier-transform (FFT)-
filtered TEM image indicates that the nanoparticles with a size
of about 100 nm correspond to the BNT cubic phase, where
the fringe spacings of 3.90 and 2.80 Å correspond to (001) and
(011) facets, respectively, and the angle between the (001) and
(011) facets is 45°. Except the BNT nanoparticles of 100 nm,
some small spherical nanoparticles with a size of about 5 nm
were also observed on the surface of the platelike particle
(Figure 3c). These small nanoparticles correspond to the
Bi12TiO20 phase, which shows a fringe spacing of 3.19 Å
matching with the (310) facet.

Figure 1. XRD patterns of the HTO−Na2CO3−Bi2O3 mixture (a)
before and after heat treatment at (b) 500, (c) 600, (d) 700, (e) 800,
and (f) 900 °C for 3 h, respectively.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic4015256 | Inorg. Chem. 2013, 52, 10542−1055110544



It is notable that two sets of SAED spots corresponding to
the BNT perovskite and Bi12TiO20 phases are observed
simultaneously in one platelike particle (Figure 3d), suggesting
that the BNT and Bi12TiO20 phases coexist in one platelike
particle. This result is consistent with the XRD result in Figure
2c. The SAED result reveals that all of the BNT nanoparticles
and all of the Bi12TiO20 nanoparticles in one platelike particle

show the same crystal-axis orientation directions, because they
show diffraction spot patterns similar to their single-crystal
diffraction spot patterns. Furthermore, the polycrystalline
platelike BNT particle shows a [100]-axis orientation, and the
basal plane of the platelike particle corresponds to the (100)
facet that is vertical to the [100] orientation. These results
reveal that reactions 1 and 2 in the formation process of BNT
from HTO are in situ topotactic reactions, which result in the
formation of [100]-oriented platelike BNT mesocrystals. The
[100]-direction orientation of the BNT platelike mesocrystal is
different from the [110]-direction orientation of the platelike
BaTiO3,

50 Ba0.9Ca0.1TiO3,
19 and Ba0.5Bi0.5K0.5TiO3

51 mesocrys-
tals prepared from the HTO precursor by solvothermal
reactions.
It has been reported that platelike BNT single crystals with

[100]-direction orientation can be prepared by molten-salt
reactions using Bi4Ti3O12

35,37 and Na0.5Bi4.5Ti4O15
3,31 layered

compounds as the precursor over 900 °C. The reaction
temperature is higher than that of the formation of platelike
BNT mesocrystals using the HTO precursor because of the
lower reactivities of the Bi4Ti3O12 and Na0.5Bi4.5Ti4O15
precursors. In the molten-salt processes, first the Bi2O2(II)
layer-structured Bi4Ti3O12 and Na0.5Bi4.5Ti4O15 platelike
particles were synthesized as precursors by molten-salt
reactions, and then the platelike particles were reacted with
Na2CO3 and TiO2 to transform to the perovskite structure
through topochemical conversion.35,37 Although a possible
transformation mechanism from the layered structure to the
perovskite structure has been proposed, it is not very clear
yet.31,35

On the basis of the results described above, we can give a
schematic representation for the formation reaction mechanism
of the [100]-oriented platelike BNT mesocrystal in the HTO−
Bi2O3−Na2CO3 solid-state reaction system, as shown in Figure

Figure 2. FE-SEM images of the HTO−Na2CO3−Bi2O3 mixture before (a) and after heat treatment at (b) 500, (c) 600, (d) 700, (e) 800, and (f)
900 °C for 3 h, respectively.

Figure 3. (a) TEM image, (b) FFT-filtered TEM image, (c) HRTEM
image, and (d) SAED pattern of the sample obtained after heat
treatment of a HTO−Na2CO3−Bi2O3 mixture at 600 °C for 3 h.
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4. In this reaction process, bismuth(III) species immigrate into
the HTO bulk crystal through its interlayer pathway first and
partially react with the TiO6 octahedral layers of the HTO
framework to form Bi12TiO20 nanoparticles in the HTO bulk
crystal by the in situ structural transformation reaction. Then
Bi12TiO20 nanoparticles react with TiO6 octahedral layers and
sodium(I) species in the bulk crystal to form BNT crystal seeds
(nanoparticles). This reaction is also the in situ topotactic
structural transformation reaction, and formed BNT crystal
seeds show [100] orientation. In the next step, the bismuth(III)
species sequentially reacts with the TiO6 octahedral layers,
which causes the formation of Bi12TiO20 nanoparticles on the
BNT nanoparticle surface by a heteroepitaxial growth
mechanism. Then Bi12TiO20 nanoparticles on the BNT
nanoparticle surface react with the TiO6 octahedral layers and
sodium(I) species to grow BNT nanoparticles by an epitaxial
growth mechanism.60 Finally a [100]-oriented platelike BNT
mesocrystal is obtained by consuming the HTO framework
completely.
To give an exact relationship between the structures of the

HTO precursor and BNT product, TEM and SAED studies
were carried out on the HTO and partially reacted sample
obtained at 500 °C (Figure 5). The platelike HTO particle is a
single crystal with a smooth particle surface, and the basal plane
of the platelike particle corresponds to the (010) facet. After
heat treatment at 500 °C, the smooth particle surface changed
to a rough surface. Three sets of SAED spots for the HTO-
layered, the perovskite BNT, and the Bi12TiO20 intermediate
phases are observed simultaneously in one platelike particle,
indicating that the HTO, BNT, and Bi12TiO20 phases coexist in
one platelike particle. In one platelike particle, the HTO axis
directions of [010], [002], and [100] correspond to the BNT
axis directions of [100], [001], and [010], respectively,
suggesting that a three-dimensional topotactic reaction occurs
in the structural transformation process. That is, there is a
specific relationship between the structures of the HTO
precursor and BNT product in the in situ topotactic structure
transformation process, where (010), (001), and (100) facets of
the layered HTO structure are converted to (100), (001), and
(010) facets of the BNT perovskite structure, respectively
(Figure 6).
Formation of BNT in the TiO2−Bi2O3−Na2CO3 Reac-

tion System. The normal TiO2−Bi2O3−Na2CO3 solid-state
reaction system was also investigated in order to compare with
the HTO−Bi2O3−Na2CO3 reaction system. Figure 7 shows the
XRD patterns of the samples obtained by heat treatment of a
TiO2−Bi2O3−Na2CO3 mixture with the stoichiometric ratio of

BNT. The diffraction peaks of the TiO2, Na2CO3, and Bi2O3
phases were observed before heat treatment (Figure 7a). At 700
°C, all of the starting TiO2, Bi2O3, and Na2CO3 phases were
transformed into the intermediates of tetragonal Bi4Ti3O12
(JCPDS File No. 47-0398) and cubic Bi12TiO20 (JCPDS File
No. 34-0097).61 Most of the intermediates Bi4Ti3O12 and
Bi12TiO20 were transformed into the BNT phase at 800 °C, and
only the BNT phase was obtained above 900 °C. These results
indicate that a higher heat-treatment temperature is necessary
for the formation of BNT in the normal TiO2−Bi2O3−Na2CO3
reaction system than in the HTO−Bi2O3−Na2CO3 topotactic
reaction system (Figure 1). Although HTO has a much larger
particles size, it shows a higher reactivity in the BNT formation
reaction than anatase TiO2 nanoparticles.
The SEM study indicates that the products obtained at 700

and 800 °C show mainly spherical particle morphologies with a
small amount of rodlike particles (see Figure S2 in the SI). The
rodlike particles may correspond to the Bi4Ti3O12 phase.62,63

The BNT product obtained at 900 °C shows a square block

Figure 4. Reaction mechanism of the formation of platelike BNT mesocrystals in the HTO−Bi2O3−Na2CO3 solid-state reaction system.

Figure 5. (a and c) TEM images and (b and d) SAED patterns of (a
and b) HTO and (c and d) platelike particle obtained by the heat
treatment of a HTO−Na2CO3−Bi2O3 mixture at 500 °C for 3 h.
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morphology with a size of about 5 μm. The particle size of the
product increases with increasing heat-treatment temperature.
Formation of the intermediates Bi4Ti3O12 and Bi12TiO20 in

the normal TiO2−Bi2O3−Na2CO3 solid-state reaction system
for synthesis of the BNT phase has been also reported.64,65 In
this reaction system, first Bi12TiO20 is formed by reaction 3,
then Bi12TiO20 is transformed to Bi4Ti3O12 by reaction 4,65 and
finally Bi4Ti3O12 is transformed to BNT by reaction 5,23,30 as
follows:

+ →6Bi O TiO Bi TiO2 3 2 12 20 (3)

+ →Bi TiO 8TiO 3Bi Ti O12 20 2 4 3 12 (4)

+ +

→ +

Bi Ti O 2Na CO 5TiO

8Bi Na TiO (BNT) 2CO
4 3 12 2 3 2

0.5 0.5 3 2 (5)

This is different from reactions 1 and 2, where there is no
formation of the intermediate Bi4Ti3O12 in the HTO−Bi2O3−
Na2CO3 topotactic reaction system. This fact can be explained
by differences in the intermediate Bi12TiO20 formation
mechanism in these two reaction systems. In the HTO−
Bi2O3−Na2CO3 reaction system, formation of the intermediate
Bi12TiO20 nanoparticles occurs on the BNT crystal seed surface

in the HTO crystal bulk where there is enough titanium(IV)
source for the formation of BNT. Therefore, the Bi12TiO20
nanoparticles show a high reactivity and can be transformed
directly to BNT by the epitaxial growth mechanism, as shown
in Figure 4. On the other hand, in the TiO2−Bi2O3−Na2CO3
solid-state reaction system, formation of the intermediate
Bi12TiO20 occurs on the interface between TiO2 and Bi2O3
particle surfaces. The intermediate Bi12TiO20 cannot be
transformed directly to BNT because there is not enough
titanium(IV) source. A two-step reaction is necessary to
provide enough titanium(IV) source. First, the intermediate
Bi12TiO20 reacts with TiO2 to form another intermediate
Bi4Ti3O12 by reaction 4, and then the intermediate Bi4Ti3O12
reacts with TiO2 and Na2CO3 to form the final product BNT.

Formation of BNT Mesocrystals in the HTO−TiO2−
Bi2O3−Na2CO3 Reaction System. We also studied the
formation of BNT in the HTO−TiO2−Bi2O3−Na2CO3
reaction system, where both HTO and TiO2 nanoparticles
were used as titanium sources, because high degree of
orientation and high-density BNT ceramic materials can be
prepared using this reaction system (see the next section). We
chose the mole ratio of HTO/TiO2 = 4:6 in the HTO−TiO2−
Bi2O3−Na2CO3 reaction system because such a condition is
suitable for the fabrication of high degree of orientation ceramic
materials.23,30 Before heat treatment, the diffraction peaks of
the HTO, TiO2, Na2CO3, and Bi2O3 phases were observed
(Figure 8a). After heat treatment at 500 °C, in addition to the
dehydrated HTO, TiO2, Na2CO3, and Bi2O3 phases, the
intermediate Bi12TiO20 and BNT phases were also observed
(Figure 8b), suggesting the partial reaction of the HTO−
TiO2−Bi2O3−Na2CO3 mixture. Because the peak intensity of
TiO2 did not change, it can be concluded that TiO2 did not
take part in the reaction at this reaction temperature. The basal
spacing of HTO also decreased from 0.870 to 0.732 nm
because of dehydration of the interlayer water.
At 600 °C, all starting Bi2O3, Na2CO3, HTO, TiO2 phases

were reacted, and the product containing the BNT main phase
and a small amount of the Bi12TiO20 phase was formed (Figure
8c). Only BNT phase was obtained above 700 °C (Figure 8d−
f). These results are similar to those of the HTO−Bi2O3−
Na2CO3 reaction system (Figure 1), which is different from the
TiO2−Bi2O3−Na2CO3 system (Figure 7). The BNT phase can
be formed at low temperature (700 °C) without the formation
of intermediate Bi4Ti3O12 in the HTO−TiO2−Bi2O3−Na2CO3
reaction system. The full width at half-maximum of the BNT

Figure 6. Schematic illustration of crystal structural evolution from HTO to BNT in an in situ topotactic transformation for the HTO−Na2CO3−
Bi2O3 reaction system.

Figure 7. XRD patterns of the TiO2−Na2CO3−Bi2O3 mixture (a)
before and after heat treatment at (b) 700, (c) 800, and (d) 900 °C for
3 h, respectively.
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phase obtained from the HTO−TiO2−Bi2O3−Na2CO3 reac-
tion system (0.448°) was larger than that from the HTO−
Bi2O3−Na2CO3 reaction system (0.292°) at 600 °C. This result
reveals that the HTO−Bi2O3−Na2CO3 reaction system has
higher reactivity and gives a higher crystallinity of the BNT
phase than the HTO−TiO2−Bi2O3−Na2CO3 reaction system.
The FE-SEM results reveal that HTO shows platelike

morphology before heat treatment in the HTO−TiO2−Bi2O3−
Na2CO3 mixture (Figure 9). The platelike particles and small
nanoparticles were observed in the sample after heat treatment

at 500 °C, and some fissures were formed on the platelike
particles (Figure S1b in the SI). The nanoparticles correspond
to the unreacted TiO2, Bi2O3, and Na2CO3. After heat
treatment in a temperature range of 600−800 °C, the unreacted
TiO2, Bi2O3, and Na2CO3 nanoparticles disappeared and were
fused into the platelike particles, while the platelike particles
grow to the larger platelike particles. The larger platelike
particle is constructed from nanoparticles with a size of about
150 nm, which is larger than the nanoparticles (100 nm) in the
platelike BNT particle prepared in the HTO−Bi2O3−Na2CO3
reaction system. This result suggests that a mass-transport
process from the TiO2 nanoparticles to the platelike particles
occurs, resulting in crystal growth on the platelike BNT particle
in this temperature range. When the heat-treatment temper-
ature was reached at 900 °C, the platelike particle collapsed
into small particles with a size of 300 nm, which is similar to
that of the HTO−Bi2O3−Na2CO3 reaction system.
In order to understand the formation reaction of the BNT

phase in the HTO−TiO2−Bi2O3−Na2CO3 reaction system, the
obtained samples were also investigated using TEM and SAED
(Figure 10). The platelike particle prepared at 600 °C shows
two sects of diffraction spot patterns that are similar to the
single crystals. One corresponds to the BNT phase and the
other to the Bi12TiO20 phase. The BNT nanoparticles in a
platelike particle show the same orientation as the [100]
direction because of formation of the [100]-oriented BNT
mesocrystal. This result is also similar to that of the HTO−
Bi2O3−Na2CO3 reaction system at 600 °C (Figure 3d). The
TEM image of the sample prepared at 700 °C also presents a
platelike morphology, but it is thicker than the platelike BNT
mesocrystal prepared in the HTO−Bi2O3−Na2CO3 reaction
system, where the nanoparticles constructing the platelike
mesocrystal are not observed clearly (Figure 10c). This is

Figure 8. XRD patterns of the HTO−TiO2−Bi2O3−Na2CO3 mixture
(a) before and after heat treatment at (b) 500, (c) 600, (d) 700, (e)
800, and (f) 900 °C, respectively. The titanium mole ratio of HTO/
TiO2 = 4:6.

Figure 9. FE-SEM images of the HTO−TiO2−Bi2O3−Na2CO3 mixture (a) before and after heat treatment at (b) 500, (c) 600, (d) 700, (e) 800,
and (f) 900 °C, respectively. The titanium mole ratio of HTO/TiO2 = 4:6.
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because the platelike mesocrystal is too thick to be transmitted
by the electron beam of the TEM system. The platelike BNT
mesocrystal retained the [100] orientation and shows the
single-crystal SAED pattern after heat treatment at 700 °C,
although it grows. EDS analysis on the platelike BNT
mesocrystal indicated that the platelike mesocrystal shows a
homogeneous chemical composite distribution with an average
mole ratio of Bi/Na/Ti = 0.48:0.48:1.0 (see Figure S3 in the
SI), which is in good accordance with the designed composition
of BNT. This result reveals that crystal growth of the [100]-
oriented platelike BNT mesocrystal via a mass-transport
process occurs by the epitaxial growth mechanism.
On the basis of the results described above, a reaction

mechanism of formation of the [100]-oriented platelike BNT
mesocrystal in the HTO−TiO2−Bi2O3−Na2CO3 solid-state
reaction is given in Figure 11. In the first step of the reaction,
the platelike HTO particles react with Na2CO3 and Bi2O3 to
form the platelike BNT mesocrystal by an in situ topotactic
reaction similar to the case in the HTO−Bi2O3−Na2CO3
reaction system, as shown in Figure 4, because HTO shows
higher reactivity in the formation reaction of the BNT phase
than that of the TiO2 nanoparticles. This reaction is almost
completed at 600 °C, and the platelike BNT mesocrystal
constructed from [100]-oriented nanoparticles is formed. In the
second step of the reaction, TiO2 nanoparticles react with

Na2CO3 and Bi2O3 to form the BNT phase on the platelike
BNT mesocrystal surface by an epitaxial crystal growth
mechanism. Epitaxial growth can lower the reaction temper-
ature for formation of the BNT phase from the TiO2−Bi2O3−
Na2CO3 reaction system. This is the reason why formation of
the BNT phase can be completed in the HTO−TiO2−Bi2O3−
Na2CO3 reaction system at lower temperature (700 °C) than
that in the TiO2−Bi2O3−Na2CO3 reaction system (900 °C).
Epitaxial growth of the BNT phase on the platelike mesocrystal
surface accompanies consumption of the unreacted TiO2,
Na2CO3, and Bi2O3 in the reaction system and fusion of these
particles into the platelike mesocrystals by the mass-transport
process. In the epitaxial growth process, the [100]-oriented
BNT nanoparticles in the platelike mesocrystal act as crystal
seeds; namely, the oriented nanoparticles grew up and kept
their [100] orientation. This is the reason why the larger [100]-
oriented platelike BNT mesocrystal can be formed in the
HTO−TiO2−Bi2O3−Na2CO3 reaction system.

Fabrication of BNT Oriented Ceramic Materials. We
tried to fabricate BNT oriented ceramic materials using both
the HTO−Bi2O3−Na2CO3 and HTO−TiO2−Bi2O3−Na2CO3
reaction systems by the RTGG method. Figure 12 presents the

XRD patterns of the ceramic materials obtained by sintering the
green compacts prepared by the tape-casting method with the
HTO−Bi2O3−Na2CO3 and HTO−TiO2−Bi2O3−Na2CO3 mix-
tures, respectively. All of the sintered materials show a relatively
higher peak intensity of the (h00) plane, indicating that [100]-

Figure 10. (a and c) TEM images and (b and d) SAED patterns of the
samples obtained by heat treatment of the HTO−TiO2−Na2CO3−
Bi2O3 mixture at (a and b) 600 and (c and d) 700 °C for 3 h,
respectively.

Figure 11. Reaction mechanism of formation of the platelike BNT mesocrystal in the HTO−TiO2−Bi2O3−Na2CO3 solid-state reaction.

Figure 12. XRD patterns of (a) the BNT powder sample obtained by
sintering the TiO2−Bi2O3−Na2CO3 mixture at 1100 °C for 3 h and
the BNT ceramic samples obtained by sintering (b and d) the HTO−
Bi2O3−Na2CO3 green compact and (c and e) the HTO−TiO2−
Bi2O3−Na2CO3 green compact at (b and c) 1000 and (d and e) 1100
°C for 3 h, respectively.
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oriented ceramic materials can be fabricated using the platelike
HTO particles as the template. The degree of orientation
(Lotgering factor, F) increases with increasing sintering
temperature from 1000 to 1100 °C. The BNT ceramic
materials fabricated with the HTO−TiO2−Bi2O3−Na2CO3
reaction system show a higher degree of orientation than
thoset with the HTO−Bi2O3−Na2CO3 reaction system. The
highest orientation degree of 87% can be achieved using the
HTO−TiO2−Bi2O3−Na2CO3 reaction system. This orientation
degree value is higher than those fabricated with Bi4Ti3O12
(79%)30 and Na0.5Bi4.5Ti4O15 (55%)

31 as the templates.
Figure 13 shows the SEM images of the surface micro-

structures of the ceramic samples fabricated by sintering green

compacts. In the HTO−Bi2O3−Na2CO3 reaction system, a
porous ceramic sample with a grain size of about 2 μm was
obtained at 1000 °C. After sintering at 1100 °C, the ceramic
sample constructed from the spherical grains with a size of
about 5 μm diameter and rodlike grains with a size of about 3
μm diameter and 10 μm length was obtained. The rodlike
grains may be assigned to the Bi4Ti3O12 that has a rodlike
morphology.66,67 Formation of the Bi4Ti3O12 phase is due to
vaporization of sodium species from the sample surface at high
temperature. The density measurement result indicates that this
ceramic material has a relative density of 85%. In the HTO−
TiO2−Bi2O3−Na2CO3 reaction system, however, a ceramic
sample with higher relative density and a uniform grain size of
about 1 μm was obtained after sintering at 1000 °C. After
sintering at 1100 °C, the grain size of the ceramic sample
increased to about 2 μm, and a high-density (96%) ceramic
sample was obtained. This relative density is much higher than
that (86%) fabricated with Bi4Ti3O12 as the template.58

The above sintering results demonstrate that the HTO−
TiO2−Bi2O3−Na2CO3 reaction system is suitable for fabrica-
tion of the BNT oriented ceramic materials, and a high [100]-
oriented BNT ceramic sample with high density and small grain
size can be obtained. The success on the fabrication of a high-
density BNT oriented ceramic gives us an opportunity to study
its piezoelectricity. A preliminary piezoelectric study reveals
that the BNT ceramic sample shows a ferroelectric polar-
ization−electric field (P−E) loop with a remnent polarization

(Pr) of 30 μC/cm2 and a coercive field (Ec) of 65 kV/cm. The
apparent piezoelectric constant d33* value estimated from a
unipolar strain−electric field (S−E) curve is about 98 pC/N,
which is larger than 74 pC/N reported for the BNT
nonoriented ceramics.68 The d33* value may be further
enhanced after optimization of the measurement conditions
and the detailed piezoelectric study is carried out. This result
suggests that the BNT oriented ceramic with small grain size is
promising for the high-performance piezoelectric materials,
where the both texture and domain engineering techniques can
be applied simultaneously.15

■ CONCLUSIONS
The [100]-oriented platelike BNT mesocrystals can be
prepared using the HTO−Bi2O3−Na2CO3 and HTO−TiO2−
Bi2O3−Na2CO3 reaction systems. The platelike BNT meso-
crystals prepared by these methods are constructed from [100]-
oriented BNT nanocrystals. The platelike BNT mesocrystals
are formed by a topotactic structural transformation mechanism
in the HTO−Bi2O3−Na2CO3 reaction system and by the
combination mechanism of the topotactic structural trans-
formation and epitaxial crystal growth in the HTO−TiO2−
Bi2O3−Na2CO3 reaction system. The HTO precursor shows
high reactivity in the formation reaction of BNT, resulting in
the formation of BNT at lower temperature than those with
TiO2 nanoparticles and layered compounds of Bi4Ti3O12 and
Na0.5Bi4.5Ti4O15 platelike particles as the precursors. The
HTO−Bi2O3−Na2CO3 and HTO−TiO2−Bi2O3−Na2CO3 re-
action systems can be applied to the fabrication of [100]-
oriented BNT ceramic materials. The BNT ceramic materials
with a high degree of orientation, high density, and small grain
size can be obtained using the HTO−TiO2−Bi2O3−Na2CO3
reaction system.
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