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of crystal-axis-oriented BaTiO3/CaTiO3

nanocomposites†
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2D crystal-axis-oriented mesocrystalline BaTiO3/CaTiO3 (BT/CT) nanocomposites with high-density

heteroepitaxial interfaces were synthesized by a two-step solvothermal soft chemical process. The

nanostructures, formation mechanism, topological relations between the BT and CT, and piezoelectric

responses of the nanocomposites were investigated. The mesocrystalline nanocomposites are

polycrystals constructed from crystal-axis-oriented BT and CT nanocrystals with the same crystal-axis

orientation, respectively. The directions of the [001] and [1�10] of crystalline BT correspond to the

directions of the [0�10] and [100] of crystalline CT, respectively. The mesocrystalline nanocomposites

were formed via an in situ topochemical mesocrystal conversion mechanism. The density of the artificial

BT/CT heteroepitaxial interface in these mesocrystalline nanocomposites can be adjusted by regulating

the fraction of BT and CT in the nanocomposites. The mesocrystalline BT/CT nanocomposite with the

composition close to BT/CT ¼ 1/1 presents a large piezoelectric response owing to the lattice strain

derived from its heteroepitaxial interfaces with the high density in the nanocomposite.
1 Introduction

Advances in atomic-level control of the heteroepitaxial nano-
structures of functional nanocomposite materials have focused
on the enhancement of the electrical properties of multicom-
ponent metal oxide perovskites.1–4 A lattice strain in such
perovskites can effectively produce a high strain energy derived
from the lattice mismatch sustained at their heteroepitaxial
interfaces.1,3,5,6 The high-density lattice strain at the hetero-
epitaxial interfaces is very benecial for a large enhancement
in the electrical properties.3,7,8 Among the studies on
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nanocomposite perovskites with heteroepitaxial interfaces,
BaTiO3/SrTiO3 (BT/ST) and BiFeO3-based nanomaterials have
been developed mainly by molecular beam epitaxy (MBE) and
electrochemical deposition processes.2–4,9,10 But these fabrica-
tion processes are complicated and expensive stacking cong-
urations.11,12 Therefore, the design of a new process to develop
nanostructures with high-density heteroepitaxial interfaces is
highly anticipated. However, nanostructures with high-density
heteroepitaxial interfaces are difficult to obtain by traditional
methods.

Mesocrystal is a polycrystal constructed from crystal-axis-
oriented nanocrystals,13 in which each oriented nanocrystal
presents the same orientation direction. The electron diffrac-
tion pattern of a mesocrystal shows spots corresponding to the
reciprocal lattice points as a single crystal.14 It not only has
properties based on the individual nanocrystal, but also
exhibits unique collective properties and advanced tunable
functions.15,16 It can offer unique new opportunities for mate-
rials design.13,17 Some 2D titanate mesocrystals were developed
by our previous works.18–22 Recently, we have reported that
a mesocrystalline BT/ST nanocomposite with a mole ratio of Ba/
Sr ¼ 1 shows a remarkable enhancement of piezoelectric
response by the BT/ST heteroepitaxial interface in the nano-
composite.23 In the mesocrystalline BT/ST nanocomposite,
tetragonal BT is a ferroelectric phase and cubic ST is a para-
electric phase. Although the CaTiO3 (CT) and ST are alkaline
earth metal titanates, there are some obvious lattice differences
RSC Adv., 2017, 7, 30807–30814 | 30807

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra03828c&domain=pdf&date_stamp=2017-06-13
http://orcid.org/0000-0001-7961-7115
http://orcid.org/0000-0002-8332-7564
http://orcid.org/0000-0002-5197-4644
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra03828c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007049


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

0/
24

/2
02

5 
8:

45
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
between them. The articial construction of lattice strain from
the heteroepitaxial interface between these titanates can be
realized. Therefore, the replacement of cubic ST by using
orthorhombic CT is a new challenge and may be an effective
method for the further enhancement of piezoelectric response.

In this report, we present a two-step solvothermal so
chemical process to synthesize 2D crystal-axis-oriented meso-
crystalline BaTiO3/CaTiO3 (BT/CT) nanocomposites with arti-
cial heteroepitaxial interfaces for the rst time. The obtained 2D
mesocrystalline BT/CT nanocomposites are polycrystals con-
structed from well-aligned BT and CT nanocrystals with the
same orientation direction. Such 2Dmesocrystal is very difficult
to be obtained via the conventional self-assembly approach
owing to their high orientation, high aspect ratio of two-
dimension, and the chemical composition of two compo-
nents. The topological relations between the crystal-axis-
oriented BT and CT nanocrystals were investigated. The corre-
lation between the piezoelectric response of and composition
for the mesocrystalline nanocomposites has been revealed. Our
ndings imply a possibility of the simultaneous applications of
the orientation engineering and the strain engineering to
approach a huge piezoelectric response effect by using the
characteristics of the mesocrystalline materials.

2 Experimental section
Sample preparation

All reagents used in this study were of analytical grade and
without further purication. 2D single crystal precursors
(thickness � 200 nm) of H4x/3Ti2�x/3,x/3O4$nH2O (,: vacancy
of Ti, x ¼ 0.8, n ¼ 1, abbreviated as HT) with layered lep-
idocrocite structure were prepared as reported in our previous
study.24 Anatase TiO2 nanoparticles (6.9 g), 5.1 g of KOH, 0.6 g of
LiOH$H2O, and 25 mL of distilled water were sealed into
a Hastelloy-C-lined vessel with internal volume of 45 mL and
then heated at 250 �C for 24 h under stirring conditions. Aer
the hydrothermal treatment, the obtained sample was washed
with distilled water and dried at room temperature to obtain
K0.80Ti1.73Li0.27O4$xH2O (KTLO) crystals. The KTLO crystals
(10.0 g) were treated with a 0.2 mol L�1 HNO3 solution (1 L) for
24 h under stirring conditions to exchange K+ and Li+ in the
layered structure with H+, and then the sample was washed with
distilled water. Aer the acid treatments were done twice, the
layered protonated titanate HT single crystals were obtained.
The as-obtained crystals were collected and washed with
distilled water and alcohol, before air-drying at 60 �C for 6 h,
and then the HT (6.2 g) single crystal precursors were obtained.

For the synthesis of the platelike crystal-axis-oriented mes-
ocrystalline BaTiO3/CaTiO3 (BT/CT) nanocomposite, one-step
solvothermal process was rstly tried by solvothermal treat-
ments of HT (0.096 g)-Ba(OH)2–Ca(OH)2 mixture with different
molar ratios of Ti/Ba/Ca in 30 mL solution using a sealed
stainless-steel vessel with inner volume of 75 mL under
different conditions. The pure BT/CT mixed phases cannot be
obtained but some mixtures (see the ESI:† (1) one-step sol-
vothermal so chemical process). Therefore, we designed a two-
step solvothermal so chemical process for the preparation of
30808 | RSC Adv., 2017, 7, 30807–30814
the BT/CT nanocomposites. This process is gentle to keep the
morphology of the starting matrix and is conducive to top-
ochemical conversion reaction. In the rst step, the HT
precursors (0.096 g) were reacted partially with 30 mL Ba(OH)2
solutions (mole ratio of Ti/Ba ¼ 4 : 1, 2 : 1, 3 : 2, and 7 : 6,
respectively) in a Teon-lined, sealed stainless-steel vessel
with inner volume of 75 mL at 200 �C for 12 h, to obtain the
BaTiO3/HT (BT/HT-1/3, -1/1, -2/1, -6/1) nanocomposites. The 2D
homogeneous BT/HT nanocomposites generated in the water
solvent were employed as precursors in the next step. In the
second step, the generated homogeneous BT/HT nano-
composites were solvothermally treated at 200 �C for 12 h in 30
mL Ca(OH)2 suspensions with the different concentration. A
water–ethanol mixed solvent with a volume ratio of 5 : 25 was
employed for the dispersion of the Ca(OH)2 in the second step.
To drive the reaction to completion, it is necessary that the
excess 50% of Ca was placed in the reaction system. Aer the
solvothermal treatment, the obtained sample was sequentially
washed with the 0.2 mol L�1 acetic acid solution, distillated
water, and ethanol. Finally, the obtained sample was dried
at 60 �C for 12 h. The samples generated in the second step
were designated as BT/CT-x/y, where x/y is a mole ratio of Ba/Ca.
Therefore, the samples of the BT/CT-1/3, BT/CT-1/1, BT/CT-2/1,
and BT/CT-6/1 were prepared from BT/HT-1/3, -1/1, -2/1, -6/1
samples, respectively.

For comparison purposes, the pure BT and CT mesocrystals
without any heteroepitaxial interfaces were respectively
prepared in pure water solvent from the HT precursor at 200 �C
for 12 h via the solvothermal so chemical process as reported
by us previously also.18,20 Although the platelike CTmesocrystals
cannot be easily formed completely in this process,20 a small
number of CT mesocrystals with platelike morphology can be
selected out easily and contrasted to the other titanates in this
study.
Physical analysis

The structures of the crystalline samples were investigated
using a powder X-ray diffractometer (XRD) (Shimadzu, XRD-
6100; Rigaku, D/max-Ultima IV) with Cu Ka (l ¼ 0.15418 nm)
radiation. The size and morphology of the crystalline samples
were observed using scanning electron microscopy (SEM)
(JEOL, JSM-5500S) or eld emission scanning electron micros-
copy (FESEM) (Hitachi, S-900) or environment scanning elec-
tron microscopy (ESEM) (FEI, Quanta 250 FEG). Transmission
electron microscopy (TEM)/(high-resolution TEM (HRTEM))
observation and selected-area electron diffraction (SAED) were
performed on a JEOLModel JEM-3010 system at 300 kV, and the
crystalline samples were supported on a Cu microgrid. Energy-
dispersive spectroscopy (EDS; JEOL JED-2300T) was measured
on the TEM system. Energy dispersive spectroscopy mapping
(EDS-mapping) was observed using a combined HRTEM-EDS
system (JEOL Model JEM-2100F HRTEM/EX-24063JGT EDX) as
a function of the local relative concentration of the elements
present.

Piezoelectric responses were measured by a scanning
probe microscopy (SPM) system on a combined atomic force
This journal is © The Royal Society of Chemistry 2017
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microscope (AFM) and piezoresponse force microscopy (PRM)
systems (SII, NanoTechnology Inc., Nano Navi Station; Bruker,
Dimension Icon) with an SPA-400 probe. Silicon micro canti-
lever (SI-DF3-R, R: Rh precoated, f ¼ 28 kHz, c ¼ 42 N m�1) and
SiO2/Si substrate were coated with an approximate 20 nm Au
thin lm by ion sputtering. The samples were dispersed on the
Au thin lm by drop casting. The location of an individual
mesocrystal was detected by the conductive AFM probe tip with
a conductive Au-coated Rh-precoated Si cantilever in the contact
mode. Aer that a bias from �10 to 10 V was applied to the
surface of the mesocrystal, and the information of the strains of
the mesocrystal was gathered at the same time and detected
from the global deection signal using a built-in lock-in
amplier connected to the AFM. The effective piezoelectric
coefficient d*33 value was calculated by the formula

d*
33 ¼

DVpr

Vac

¼ Dl

Vac

¼ S

Vac

where D is the AFM detector sensitivity, Vpr is the rms amplitude
of the tip deection voltage, Vac is the rms amplitude of the
applied voltage, Dl is the root-mean-square (rms) amplitude of
the tip deection, and S is the strain. Details of the measure-
ment procedure and parameters can be found elsewhere.23,25,26

3 Results and discussions
Characterization of samples

XRD patterns of samples. Fig. 1 shows the XRD patterns of
the samples obtained in the second step. It is very interesting
that the strong diffraction intensities for BT and CT (ICDD le
no. 42-0423, orthorhombic) phases can be simultaneously
observed (Fig. 1b and c), when the mole ratios of Ba/Ca are 1/1
and 2/1, respectively. Although the crystal structure of BT is
Fig. 1 XRD patterns of samples of (a) BT/CT-1/3, (b and e) BT/CT-1/1,
(c) BT/CT-2/1, and (d) BT/CT-6/1 obtained by solvothermal treatments
of different BT/HT nanocomposites and Ca(OH)2 in (a–d) water–
ethanol mixed solvent with volume ratio of 5 : 25 and (e) pure ethanol
solvent at 200 �C for 12 h, respectively.

This journal is © The Royal Society of Chemistry 2017
tetragonal at room temperature, the diffraction lines of BT ob-
tained in this study are indexed based on the pseudocubic unit
cell because of small tetragonal distortion and can be identied
by ICDD le no. 74-1964 (cubic symmetry).27 When the mole
ratios of Ba/Ca are 1 : 3 and 6 : 1, respectively, the diffraction
intensities of CT and BT phases present a very strong contrast
(Fig. 1a and d); namely, one is strong and another is feeble.
When the mole ratios of Ba/Ca is 1 : 1 and the pure ethanol was
employed as the reaction solvent, pure BT/CT mixed phases
cannot be obtained but a complicated mixture including
anatase (ICDD le no. 21-1272), abundant BT, trace amounts of
CT, unreacted HT and Ca(OH)2 (ICDD le no. 84-1272) (Fig. 1e).
These results imply that the pure BT/CT mixed phases can be
obtained by the solvothermal treatment of the homogeneous
BT/HT nanocomposites in the water–ethanol mixed solvent.
The composition of BT and CT in themixtures can be controlled
by the instruction of BT contents.

FESEM images of samples. The size and morphology of the
crystalline samples were observed using SEM (see Fig. S3 and (2)
two-step solvothermal so chemical process in the ESI†) and
FESEM (Fig. 2). All the obtained BT/CT-x/y samples present
a typical irregularly platelike morphology. The thickness of the
platelike particles is approximate 210 nm, and these platelike
particles show a size of 2–5 mm. The platelike BT/CT-x/y parti-
cles are polycrystals constructed from the nanocrystals (Fig. 2).
The mean particle size of the nanocrystal in the samples of BT/
CT-1/3, BT/CT-1/1, BT/CT-2/1, and BT/CT-6/1 is 241.02, 194.44,
109.05, and 101.78 nm, respectively (see Fig. S3(aS–dS)†). It is
noticed that the individual nanocrystal is up to approx. 650 nm
(in Fig. 2a and S3(aS)†), which is not a thickness of the primary
units. The constructed primary BT or CT units showing
a scalelike morphology stack each other (Fig. 2). The thickness
of the scalelike units is no more than 100 nm because the mean
thickness is approximate 210 nm and the multiple layers of the
primary crystalline units stack one on another. The size of the
nanocrystals in the platelike particles decreases with the
decrease of the content of CT. The result reveals that the crys-
tallinity of the CT in the BT/CT-x/y samples decreases with the
decrease of the content of CT, due to that the content of
unreacted HT phase decreases with the increase of the BT
content.

Nanostructures of samples. To further understand the
nanostructures of the BT/CT-x/y samples obtained by the two-
step solvothermal so chemical process in detail, TEM/
HRTEM observations and SAED investigations were per-
formed, the results are illustrated in Fig. 3. All the TEM images
present polycrystals with the platelike morphology and consis-
tent with the SEM/FESEM results (Fig. 2 and S3 in the ESI†). It is
very interesting that two sets of single-crystal-like diffraction
spots can be simultaneously observed in each SAED pattern
(Fig. 3b, e, h and k) of the polycrystalline samples. One can be
attributed to the BT phase, and the other can be assigned to the
CT phase, which are consistent with the XRD results (Fig. 1a–d).
The (001) and (1�10) diffraction spots of BT and the (0�20) and
(200) diffraction spots of CT were observed, respectively. The
result reveals that the directions of the [001] and [1�10] of BT
correspond to the directions of the [0�10] and [100] of CT,
RSC Adv., 2017, 7, 30807–30814 | 30809
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Fig. 2 FESEM images of samples of (a) BT/CT-1/3, (b) BT/CT-1/1, (c) BT/CT-2/1, and (d) BT/CT-6/1 obtained by solvothermal treatments of
different BT/HT nanocomposites and Ca(OH)2 in water–ethanol mixed solvent with volume ratio of 5 : 25 at 200 �C for 12 h, respectively.

Fig. 3 (a, d, g and j) TEM images, (b, e, h and k) SAED patterns, and (c, f, i and l) HRTEM images of (a, b and c) BT/CT-1/3, (d, e and f) BT/CT-1/1,
(g, h and i) BT/CT-2/1, and (j, k and l) BT/CT-6/1 samples obtained by solvothermal treatments of different BT/HT nanocomposites and Ca(OH)2
in water–ethanol mixed solvent with volume ratio of 5 : 25 at 200 �C for 12 h, respectively. (c, f, i and l) HRTEM images derived from the (c, f, i and
l) white panes in (a, d, g and j) TEM images, respectively. The inserted FFT (Fast Fourier Transformation) patterns derived fromwhole region of the
corresponding HRTEM images, respectively. The blue lines in HRTEM images indicate the boundary regions between two primary nanocrystals.

30810 | RSC Adv., 2017, 7, 30807–30814 This journal is © The Royal Society of Chemistry 2017
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respectively. These results suggest that the polycrystalline
samples are constructed from the oriented BT and CT nano-
crystals, where the [110] direction for all BT nanocrystals and
the [001] direction for all CT nanocrystals are vertical to the
basal plane of the platelike particle, respectively, in each
platelike particle. Namely, the obtained polycrystalline platelike
particles are mesocrystalline BT/CT nanocomposites. The
formation of mesocrystalline BT/CT nanocomposites reveals in
situ topochemical mesocrystal conversion mechanisms in the
two-step solvothermal so chemical process.22

In the HRTEM images (Fig. 3c, f, i and j), the lattice fringes of
0.396–0.399 nm (Fig. 3f1 and f2) and 0.282 nm (Fig. 3i) corre-
spond to the (001) and (1�10) plane of the BT phase, respec-
tively. The directions of the planes are consistent with the
results in Fig. 3e and h, respectively. The lattice fringes of 0.381–
0.382 nm (Fig. 3c and f2) and 0.273 (Fig. 3i) nm correspond to
the (0�20) and (200) plane of the CT phase, respectively. The
directions of the planes are consistent with the results in
Fig. 3b, e and h as well, respectively. The lattice fringes of the
(001) and (1�10) plane of the BT phase are obviously close to the
(0�20) and (200) plane of the CT phase, respectively, which can
provide an evidence for the formation of the BT/CT hetero-
epitaxial interface in the nanocomposites. Such close lattice
fringes can easily form the lattice strain. Their FFT patterns
(inserted in Fig. 3c, i and l) agree with the corresponding SAED
patterns in Fig. 3b, h and k, respectively. The crystal boundary
regions indicated by the blue lines between BT and CT primary
Fig. 4 (A) EDS spectra of (a) BT/CT-1/3, (b) BT/CT-1/1, (c) BT/CT-2/1,
different BT/HT nanocomposites and Ca(OH)2 in water–ethanol mixed
EDS-mapping TEM images of BT/CT-1/1 sample.

This journal is © The Royal Society of Chemistry 2017
nanocrystals in a mesocrystal can be observed directly in the
HRTEM images (Fig. 3f2, i and l). These results described above
reveal the obtained BT/CT hybrids are 2D crystal-axis-oriented
nanocomposites. The nanocomposites are polycrystals con-
structed from well-aligned BT and CT nanocrystals. A conrm-
able topological relations between the BT and CT in the
nanocomposites. The directions of the [001], [1�10] and [110] of
crystalline BT correspond to the directions of the [0�10], [100],
and [001] of crystalline CT, respectively. Such nanocomposites
are 2D mesocrystalline nanocomposites with a high-density
heteroepitaxial nanostructure.

Chemical compositions of mesocrystals. The chemical
composition distributions in these 2D mesocrystalline BT/CT
nanocomposites were investigated using EDS analysis. Fig. 4A
shows representative EDS spectra of these nanocomposites. The
mole ratios of Ti/Ba/Ca from the EDS analysis results in corre-
sponding BT/CT nanocomposites are listed in Table S1 (see the
ESI†). The average mole ratio results indicate that the Ca
content decreases, while Ba content increases with the increase
of the feed content of the BT. The sample of BT/CT-1/1 includes
almost same fractions of the BT and CT phases. The corre-
sponding EDS-mapping TEM images are shown in Fig. 4B and
S5 (see (3) compositional analysis in the ESI†), respectively. In
the EDS-mapping TEM images, the Ba and Ca elements are
uniformly distributed on each 2D polycrystalline BT/CT-x/y
particle, which implies that these 2D polycrystals are con-
structed from multiple layers of the primary crystalline BT and
and (d) BT/CT-6/1 samples obtained by solvothermal treatments of
solvent with volume ratio of 5 : 25 at 200 �C for 12 h, respectively. (B)

RSC Adv., 2017, 7, 30807–30814 | 30811
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CT units stacked one on another. Nonetheless, a relationship
between stacked primary crystalline BT and CT units of the
inside of 2D polycrystals can be determined also from Fig. 3
results because the same topological relationship exists in the
inside and surface of such mesocrystalline nanocomposite.
This result is in accord with the mesocrystalline BT/ST nano-
composites derived from the 2D layered HT precursor.23 For the
BT/CT-1/1 sample, the concentration of the element Ba is
similar to element Ca (see Fig. 4B). However, for the BT/CT-1/3
sample, the mapping color of the element Ca is strong and the
element Ba is puny (see Fig. S5a†). The differences of the Ba and
Ca contents in each mesocrystalline BT/ST nanocomposites can
be made out via the concentration of the element mapping
colors. This result agrees with the EDS spectra (see Fig. 4A). The
Ba content increases and Ca content decreases, respectively,
with the increase of the content of BT in the reaction system.
These results are consistent with the EDS analysis results
(Fig. 4A and Table S1 in the ESI†) and the XRD results (Fig. 1a–
d). These results imply that the ratio of BT/CT can be adjusted
by controlling the feed content of BT in the reaction system.
Therefore, the density of the heteroepitaxial interface can be
adjusted also in this manner. When the BT content is close to
CT in the BT/CT nanocomposite, the highest density of the
heteroepitaxial interface can be achieved.
Formation mechanism of the mesocrystalline BT/CT
nanocomposite

Based on the description above and the results (Fig. 1–4) in the
original text, a schematic representation of an in situ top-
ochemical mesocrystal conversion mechanism from the
layered HT single crystal precursor to the mesocrystalline BT/
CT nanocomposite can be illustrated in Fig. 5. Before reaction,
in the crystal structure of the layered HT lepidocrocite, the
host sheets are stacked with a basal spacing of about 0.882 nm
in a body-centered orthorhombic system, accommodating H2O
Fig. 5 Schematic representation of crystallographic variation of crystalli
CaTiO3 nanocomposite via in situ topochemical mesocrystalline conver

30812 | RSC Adv., 2017, 7, 30807–30814
and H3O
+ between them.24 In the rst step, the partial HT

crystal is transformed into BT nanocrystals because the Ti/Ba
mole ratio in the reaction system is less than 1. Initially,
Ba2+ are intercalated into the HT bulk crystal through its
interlayer pathway by an H+/Ba2+ exchange reaction, and then
the Ba2+ react with the TiO6 octahedral layers of HT in the bulk
crystal to form the BT phase.19 Therefore, the 2D BT/HT
nanocomposites formed by this reaction have uniform distri-
butions of BT nanoparticles in the bulk crystals. In the present
case, the topochemical conversion reaction is dominant in the
water solvent, owing to the low concentration of Ba(OH)2.18,22

In the second step of the solvothermal treatment of the BT/HT
nanocomposite in the Ca(OH)2 suspensions, another top-
ochemical conversion reaction occurs similar to the rst step.
In this step, incipiently, the Ca2+ are intercalated into the
residual HT matrix crystal through the interlayer pathway by
an H+/Ca2+ exchange reaction, and then the Ca2+ react with the
unreacted HT matrix crystal to form the CT nanocrystals until
consuming all the HT phase. Because the generated BT
nanocrystals are well-aligned and show the same direction
orientation,23 the CT nanocrystals generated against the BT
nanocrystals and grew by a heteroepitaxial growth process,
resulting in the topochemical formation of the crystal-axis-
oriented mesocrystalline BT/CT nanocomposite with hetero-
epitaxial nanostructure, which is different from the formation
mechanism of oriented attachment.28 There is a denite crys-
tallographic topological relationship between the crystal-axis
directions of the oriented BT and CT nanocrystals (see Fig. 5)
existing in the mesocrystalline BT/CT nanocomposite homo-
geneously. The directions of the [001], [110], and [1�10] of BT
correspond to the directions of the [0�20], [001], and [200] of
CT, respectively (see Fig. 5). In addition, the chemical
composition distributions in these 2D mesocrystalline BT/CT
nanocomposites are uniform. Therefore, such 2D meso-
crystalline BT/CT nanocomposites own stacking nanostructure
and high-density heteroepitaxial interface.
ne structure from layered HT single crystal to mesocrystalline BaTiO3/
sion reaction.

This journal is © The Royal Society of Chemistry 2017
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Piezoelectric responses of the mesocrystals

The piezoelectric responses of the individual platelike particles
of the mesocrystalline BT/CT nanocomposites were recorded by
a scanning probe microscopy (SPM) system. Fig. 6a and S6 (see
(4) piezoelectric response in the ESI†) illustrate the typical
buttery loops of electric-eld-induced displacements for indi-
vidual mesocrystals obtained by the two-step solvothermal so
chemical process, and the converse piezoelectric coefficients
were also calculated and labeled to the right axis. The long-term
piezoelectric responses can be conrmed by the PRM systems
though the examination is exposed to a higher number of
applied voltage cycles. The performance test is repeated for 6
times, showing good repetitiveness. The d*

33 value in this study
is an average value. The BT/CT-x/y nanocomposites show
a higher piezoelectric response than the pure CT mesocrystals
and BT mesocrystals (Fig. 6b). A signicantly high converse
piezoelectric response with an average d*

33 up to �208 pm V�1 is
observed for BT/CT-1/1 nanocomposite, as shown in Fig. 6,
which is the highest in the titanate mesocrystal samples studied
here (Fig. 6b and S6 in the ESI†). The highest d*33 value for the
BT/CT-1/1 nanocomposite is higher than those of BT (35 pm
V�1) and CT (40.9 pm V�1) mesocrystals by more than ve times,
and also higher than the reported BaTiO3 (28 pm V�1),29

NaNbO3 (4.26 pm V�1),30 and (K, Na) NbO3 (113 pm V�1)31

perovskite nano-individuals. This value is similar to the 1D (K,
Na) NbO3 (230 pm V�1) large nanorod26 and (Bi0.5Na0.5) TiO3

nanobre (�18 pm V�1)32 with single crystalline nature. These
Fig. 6 (a) Displacement–voltage curve and calculated converse
piezoelectric coefficient curve of mesocrystalline BT/CT mesocrystal
(BT/CT-1/1) obtained by solvothermal treatment of BT/HT nano-
composite and Ca(OH)2 in water–ethanol mixed solvent. (b) Variations
of converse piezoelectric coefficients (d*33) of mesocrystalline BT/CT
nanocomposites with different compositions, CTmesocrystals, and BT
mesocrystals.

This journal is © The Royal Society of Chemistry 2017
results reveal that the BT/CT-x/y nanocomposites own a higher
piezoelectric response than a single crystalline nature, sug-
gesting the heteroepitaxial interface in the nanocomposites
plays a critical role for the enhancement of the piezoelectric
property.

The BT/CT-1/1 nanocomposite exhibits the specic advan-
tage on the piezoelectric responses, which is higher than that of
mesocrystalline BT/ST nanocomposites before annealing treat-
ment.23 It may be owing to the difference of the incipient
ferroelectric orthorhombic CT and the quantum paraelectric
cubic ST.33 The piezoelectric results suggest that the BT/CT
nanocomposites can achieve a high piezoelectric response due
to the lattice strain at BT/CT heteroepitaxial interface. The
highest piezoelectric response of BT/CT-1/1 with the composi-
tion close to BT/CT¼ 1/1 is due to the lattice strain derived from
its heteroepitaxial interfaces with the highest density in the
nanocomposite.

4 Conclusions

The novel 2D nanocrystal-aligned mesocrystalline BT/CT
nanocomposites with controllable compositions were success-
fully synthesized by using a two-step solvothermal so chemical
process for the rst time. These nanocomposites are poly-
crystals constructed from well-aligned BT and CT nanocrystals.
There is a denite crystallographic topological relationship
between the crystal-axis directions of the oriented BT and CT
nanocrystals. All BT and CT nanocrystals in a platelike BT/CT
nanocomposite particle show the same direction orientation,
respectively, which gives two sets of single-crystal-like electron
diffraction spots patterns. The mesocrystalline nanocomposites
were formed via an in situ topochemical mesocrystal conversion
mechanism. The BT/CT nanocomposite shows an average
piezoelectric coefficient d*

33 of 208 pm V�1 which is ve times
larger than that of BT mesocrystal. The BT/CT nanocomposites
have high-density BT/CT heteroepitaxial nanostructure which
exhibits the specic enhancement of piezoelectric response due
to introduction of lattice strain at the interface.
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