¥ ® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

In situ topochemically converted 2D BaTiOs

’ '.) Check for updates ‘
polycrystals with multifarious zone axesf

Cite this: Mater. Adv., 2022,

3, 4878 a

Fang Kang,?° Bin Yao,1® Wenxiong Zhang,® Fangyi Yao,® Qing Zhao,” Lei Miao,
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BaTiO3z polycrystals with platelike morphology are prepared on the basis of an in situ topochemical
conversion mechanism from a layered titanate Hgy3Tiro_yx/300,304-nHO (HTO) single crystal as the
precursor and different barium compounds. BaTiOs polycrystals present single-crystal-like electron
diffraction points, indicating mesocrystals. The different BaTiOs mesocrystals present non-uniform zone
axes; however, the [100] zone axis of 60% is dominant owing to the intermediate mesocrystalline TiO,
polymorphs derived from the HTO precursors with the allied TiOg octahedral layers. First-principles
density functional theory calculations were performed for the verification of the most easily generated
BaTiO3(100) surface compared to the other surfaces. BaTiOsz mesocrystals with high purity and
multifarious zone axes can be formed using the HTO crystals as a precursor. Furthermore, [100]-
textured BaTiOs ceramics with high density, enhanced degree of orientation, and high piezoelectric
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constant are fabricated via templated grain growth, using the BaTiOs mesocrystals as templates.
Textured BaTiOs ceramics with excellent physical properties are developed mainly by the growth of
DOI: 10.1039/d2ma00283¢ oriented template BaTiOs mesocrystals with the [100] zone axis at the expense of matrix grains, which
are BaTiOs mesocrystals with the non-[100] zone axis. This novel strategy can control the desired

rsc.li/materials-advances orientation of textured materials with high piezoelectric properties.
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1. Introduction

Owing to its excellent piezoelectric, ferroelectric, and dielectric
properties, barium titanate (BaTiOs, BT) with perovskite structure
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has been widely studied and used in nonvolatile memory devices,
actuators, multilayer capacitors, and electro-optic devices."™
Thus far, considerable efforts have been devoted towards the
preparation of BT particles, including the hydrothermal
method,"” solvothermal method,*” sol-gel method,*° micro-
wave heating method,'® and solid-state method.'*™™ Among
these methods, the solid-state method with its low manufacturing
cost, simple but mature technology, and easy removal of additives
during the thermal treatment process is conventionally used to
synthesize BT materials.'* The obtained BT particles usually show
cubic or spherical morphologies and isotropic character by the
normal solid-state reaction. However, piezoelectric materials show
crystal-axis anisotropic properties, and high piezoelectricity can be
achieved using crystal-axis-oriented materials.”® Therefore, it is
necessary to design a new process to prepare anisotropic crystal-
axis-oriented BT particles, such as 1D or 2D BT particles, for the
development of piezoelectric materials with excellent properties.

Anisotropic BT particles exhibiting dissimilar facets with
intrinsic zone axes have different piezoelectric properties along
the directions of the facets. Currently, 2D BT particles mainly
present the [110] direction of the zone axis using the hydro-
thermal method.”*®'” However, it is difficult to control the
crystal growth and obtain particles with other orientations, such as
the [100] direction and [111] direction. Some 2D oriented BT

© 2022 The Author(s). Published by the Royal Society of Chemistry
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particles with different zone axes have been prepared by other
methods. A ferroelectric BT thin film with the [110] direction
has been prepared by metal-organic chemical vapor deposition
(MOCVD) at atmospheric pressure on p-type [110] Si wafers as a
template.'® Previously, we showed that platelike BT crystals can
be prepared using a hydrothermal soft chemical process with
the zone axis in the [110] direction.'® Further, [001]-poled
orthorhombic BT crystals with a high piezoelectric constant
can be prepared.'® BT single crystals can be grown by a top-
seeded solution growth (TSSG) method, and they show a crystal-
axis orientation along the [111], direction; ds; along the [111].
direction of BT single crystals can reach 224 pC N~ '.?° A highly
[110]-oriented BT nanorod array can be prepared using a three-
step hydrothermal reaction on glass substrates,’” and the
architecture of such a nanorod array is the same as that of
mesocrystals. Although considerable improvements have been
achieved, intentional control of the direction of the zone axis of
2D BT particles is still extremely difficult because the crystal
structure conversion should be self-adjusted to satisfy the
principle of minimum energy and space requirements.>!

The development of BT mesocrystals may be another inter-
esting way to control the direction of the zone axis and improve
the piezoelectric properties. Mesocrystals, which are polycrystals
with a crystalline array consisting of well-aligned oriented nano-
crystals, have attracted considerable attention.”*>* Various
perovskite titanate mesocrystals have been reported.>® Sphere-
like and confetti-like mesocrystals of BT particles have been
prepared under ultrasonic irradiation.’® SrTiO; mesocrystals
have been successfully formed by hydrothermal crystallization
using single-crystal anatase nanowires as the precursor.””
A mesostructured SrTiO;/BaTiO; composite film with highly
stable ferroelectric properties was developed using a surfactant-
templated sol-gel method.”® We have also developed some
titanate mesocrystals using a layered Hyy3Tis 53 [0,/304-nH,0
(x = 0.8, abbreviated as HTO, [J: vacancy of Ti) single crystal
as the precursor in our previous studies.”*' A mesocrystalline
BaTiO;/SrTiO; nanocomposite with the [110] zone axis,>
BiysNag sTiO; (BNT) mesocrystal with the [100] zone axis,>
and KNbO; mesocrystal with the [100] zone axis®* exhibit
higher piezoelectric properties than their corresponding iso-
tropic materials.

However, to the best of our knowledge, control of the
direction of the zone axis of platelike 2D BT particles prepared
by the solid-state process using HTO single crystals as the
precursor has not been reported thus far, and few studies have
reported the preparation of textured BT ceramics using the
TGG process with 2D BT mesocrystals as a template. In the
present study, based on a topochemical mesocrystal conversion
mechanism, we have designed an interesting route to control
the direction of the zone axis of platelike BT particles derived
from HTO single crystals and five different barium compounds.
The obtained platelike BT particles are polycrystals consisting
of BT nanocrystals. Interestingly, they present single-crystal-like
electron diffraction points, implying that they are mesocrystals.
Moreover, the selective area electron diffraction of the BT meso-
crystals confirms that the [100] direction is more dominant

© 2022 The Author(s). Published by the Royal Society of Chemistry
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than the [110] direction, [111] direction, and so on. Furthermore,
textured BT ceramics with high [100] direction orientation, high
relative density and good piezoelectric property were fabricated
using the BT mesocrystals with the [100] direction as a template
and BT mesocrystals with other directions as matrix particles
via the TGG process. In summary, the fabrication strategy of
textured materials can be adopted for the development of high-
performance piezoelectric materials.

2. Experimental procedure
2.1 Preparation of the BT particle specimens

All the reagents in this study were of analytical grade and used
without further purification. A layered HTO single crystal was
prepared via the acid treatment of the platelike K gTi; 73112704
(KTLO) crystal reported in our previous study. Ba(OH),-8H,O,
Ba(Ac),, Ba(NOs),, BaCOj3, and Ba[CH;(CH,),,COO], were selected
as Ba sources in the reactive processes to carry out the crystal
structure conversion of the BT particles. A mixture of platelike
HTO (0.096 g) and Ba(OH),-8H,0 (molar ratio of Ba/Ti = 1.25) was
ball-milled using a planetary ball mill (PlanetM2-3, Gokin Plane-
taring, Japan) at a rotational speed of 300 rpm for 24 h. Zirconia
balls (3/4 mass content) with a diameter of 5 mm and 5 mL
alcohol solution were added to the mill pot. After ball milling and
drying at 50 °C, the mixture specimens were calcined in air at
400-900 °C for the desired time. After naturally cooling to room
temperature, the specimens were washed with 0.5 mol-L™" acetic
acid solution, distilled water, and alcohol in sequence. Finally, the
obtained specimens were dried at 50 °C for 12 h. For comparison
of the zone axis for the obtained 2D crystals, other compounds of
Ba, such as Ba(NOs),, Ba(Ac),, BaCOj;, and Ba[CH;(CH,);sCOO],
instead of Ba(OH),-8H,0, were used to carry out the reaction
according to the process described above.

2.2 Fabrication of the textured BT ceramic specimens

The textured BT ceramic specimens were fabricated using the
TGG process. The starting materials of the prepared BT meso-
crystals and BT matrix powder were mixed thoroughly accord-
ing to a series of Ti mole ratios, i.e., 0:10,0.5:9.5,1:9, 1.5: 8.5,
2:8, and 3:7. These well-mixed starting material mixtures
(0.57 g) with a solvent (3 g 60 vol% toluene-40 vol% ethanol),
binder (0.08 g polyvinyl butyral (PVB)), and plasticizer (74 mL
di-n-butyl phthalate (DBP)) were milled by ball milling with
zirconia balls having a diameter of 5 mm at a rotational
speed of 60 rpm for 48 h. The resultant slurry was cast on a
polyethylene terephthalate (PET) film tape to form a green
sheet using an auto film applicator (Tester Sangyo, PI-1210
Filmcoater) by the doctor blade technique. After drying at room
temperature, the green sheet was stacked into 128 layers with a
size of 13 mm x 13 mm and then pressed at 2 MPa for 3 min at
room temperature to form a green compact with a thickness of
around 3 mm. Then, the green compacts were heated at a
heating rate of 2 °C min~" in three stages at 500 (first stage),
900 (second stage), and 1200-1300 °C (third stage) for 3 h each.

Mater. Adv., 2022, 3, 4878-4889 | 4879
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Finally, the sintered specimens naturally cooled down to room
temperature.

2.3 Physical characterization

The structures of the crystalline BT particles and ceramic
specimens were investigated using powder X-ray diffraction
(XRD) (Shimadzu, XRD-6100) with Cu Ko (4 = 0.15418 nm)
radiation. The sizes and morphologies of the specimens were
characterized using scanning electron microscopy (SEM) (JEOL,
JSM- 5500 S). The nanostructures and zone axes of the meso-
crystalline specimens were investigated in detail using trans-
mission electron microscopy (TEM) and selected area electron
diffraction (SAED) (JEOL, JEM-3010) at 300 kV, in which the
specimens were supported on a Cu microgrid. The zone axes of
the 2D BT particle specimens were calculated from the SAED
data. The 3D structures and surface morphologies of the speci-
mens were observed by scanning probe microscopy (SPM)
(Bruke, Dimension Icon). A spectrometer (Renishaw, Renishaw
in via) was used to measure the Raman spectra of the BT
mesocrystals. The degree of orientation (Lotgering factor, F) of
the ceramic specimens in the [100] direction was evaluated
from the diffraction peak density of XRD in the range of 3°-60°
using Lotgering’s formula:**

p S1000) S (h00)

TSIk Y TS I (ki)

P—Py
F=1—p0

1— P()
where I and I, are the intensities of the (hkl) peaks for the
textured and non-textured specimens, respectively. The F value
ranges from 0 to 1, where F = 0 and 1 correspond to completely
random and perfectly oriented. The BT ceramic specimen pre-
pared using anatase and BaCO; as starting materials via the
conventional solid-state reaction was used as the non-textured
standard for evaluating the P, value.

For the measurement of the piezoelectric characteristics
using a 31 resonator, the BT ceramic specimens were cut into
2.0 mm X 2.0 mm x 0.5 mm (0.5 mm//[100]) pieces with a
crystal cutter and polished with diamond slurry. Gold electro-
des were fabricated on the top and bottom surfaces with an
area of 2.0 mm x 2.0 mm by sputtering. The piezoelectric
constant dz; was measured at room temperature using a quasi-
static ds; tester.®*

2.4 Density functional theory (DFT) calculation details

First-principles density functional theory calculations were
performed using the Perdew-Burke-Ernzerhof generalized gra-
dient approximation (GGA-PBE) and the projector augmented
wave (PAW) method,*” as implemented in the Vienna
Ab-initio Simulation Package (VASP)*®. Calculations for bulk
BaTiO; (tetragonal, PAmm) were performed with an 8 x 8 x 8
Monkhorst-Pack (MP) special mesh in k-space. For the geome-
try optimization of the BaTiO3(001), (010), (101), (—110), (011)
and (111) (1 x 1) slabs, a I'-centred MP grid with a 0.03 A™*
separation was used, corresponding to the 8 x 8 x 1,8 x 8 x 1,
6x8x1,8x6x1,8x6x1land7 x 7 x 1meshesin k-space.
The plane-wave basis set cutoff was set to 500 eV in all
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calculations. The convergence threshold was set to smaller
than 107° eV in energy and 0.02 eV-A™" in force.

However, standard DFT usually causes artificial electron
delocalization and fails to describe appropriately the strong
correlation between the d electrons in BaTiO;. Therefore, an
intra-site Coulomb repulsion U-term was incorporated in the
calculations; this was called GGA+U method.*® A U value of
2.6 eV was used, whose efficacy has been proven for the Ti 3d
electrons of the BaTiOj; crystal.*® The pseudopotentials utilized
the valence state of 5s°5p°6s> for Ba, 3s>3p°®3d”4s” for Ti, and
2s*2p* for O.

3. Results and discussion

3.1 The phase and microstructure transformation in reaction
systems

In this study, we attempt to control or/and change the zone axis of
the platelike BT particles prepared using HTO as a precursor and
five different barium compounds as barium sources by the solid-
state reaction. The barium compounds include Ba(OH),-8H,O,
Ba(Ac),, Ba(NO3),, BaCO3, and Ba[CH;3(CH,);,COO],. The BT
particles were first prepared by the solid-state reaction using
HTO and Ba(OH),-8H,O as starting materials, which were
calcined at the desired temperatures for 3 h. The XRD patterns
of the specimens are shown in Fig. 1A. At 400-500 °C, a few
weak characteristic diffraction peaks of the BT phase (JCPDS.
No. 31-0174) with perovskite structure are observed, which
indicate the occurrence of the BT phase (Fig. 1A-a and b).
However, beyond this range, traces of the anatase TiO, phase
(JCPDS. No. 21-1272) with the characteristic (101) peak are
generated (Fig. 1A-a and b), suggesting that the unreacted
HTO is transformed into anatase TiO,. In particular, a mixture
of the BT and anatase TiO, phases is produced when the
calcination temperature of the mixed specimen is elevated to
600 °C (Fig. 1A-c), and the BT phase showed very strong
diffraction peaks. As the temperature increases to 800 °C, the
diffraction peak intensity of the BT phase decreases while that
of the anatase TiO, increases obviously (Fig. 1A-d). When the
sintering temperature reaches 900 °C, the strong BT phase is
observed and the anatase TiO, phase disappears, while traces of the
rutile TiO, phase (JCPDS. No. 21-1276) are generated (Fig. 1A-d).
Microstructure observations and SAED investigations were
performed to further clarify the compositions of the reacted
products. The TEM images of the specimens show a platelike
morphology after calcination at 600 °C (Fig. 1B-a—c), which is in
agreement with the SEM image results (Fig. S1, ESIf). It is
found that the platelike specimens consist of nanocrystals,
indicating that they are polycrystals. Interestingly, their SAED
patterns show single-crystal-like diffraction spots (Fig. 1B-b and
d). One set of diffraction spots can be assigned to the (001) and
(011) planes of the BT phase located along the [100] zone axis
(Fig. 1B-b). The other set of diffraction spots can be assigned to
the (—111) and (—110) planes of the BT phase located along the
[110] zone axis and the (200) and (024) planes of the anatase
phase located along the [0—21] zone axis, as shown in Fig. 1B-d.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) XRD patterns of the specimens obtained by the calcination of HTO and Ba(OH),-8H,O mixed powders at (a) 400, (b) 500, (c) 600, (d) 800, and

(e) 900 °C for 3 h. (B) (a, c) TEM images and (b, d) SAED patterns of the specimens obtained by the calcination of HTO and Ba(OH),-8H,0 mixed powders
at 600 °C for 3 h. (C) XRD patterns of the specimens obtained by the calcination of HTO and Ba(Ac), mixed powders at (a) 400, (b) 500, (c) 600, (d) 800,
and (e) 900 °C for 3 h. (D) (a, c) TEM images and (b, d) SAED patterns of the specimens obtained by the calcination of HTO and Ba(Ac), mixed powders at
600 °C for 3 h. (E) XRD patterns of the specimens obtained by the calcination of HTO and Ba(NOs), mixed powders at (a) 400, (b) 500, (c) 600, (d) 800,
and (e) 900 °C for 3 h. (F) (a and c) TEM images and (b and d) SAED patterns of the specimens obtained by the calcination of HTO and Ba(NOsz), mixed

powders at 600 °C for 3 h.

These results imply that the obtained platelike particles are
BT/anatase nanocomposite mesocrystals. Different platelike
BT mesocrystals exhibit non-uniform zone axes, i.e., different
crystal-axis orientations. To determine the dominant zone axis

© 2022 The Author(s). Published by the Royal Society of Chemistry

of the platelike BT mesocrystals, 24 random BT mesocrystals
were selected for investigation. The results, listed in Table S1
(ESIT), show that six different types of zone axes can be
identified, and the [100] and [110] directions are dominant.

Mater. Adv., 2022, 3, 4878-4889 | 4881
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The [100] direction has the highest occurrence probability
(54.2%). These results further indicate that the platelike BT
mesocrystals exhibit non-uniform zone axes. It is not yet known
whether other barium compounds, such as Ba(OH),, can react
with HTO to form BT mesocrystals, and it will be interesting to
see whether the formed BT mesocrystals exhibit non-uniform
zone axes as well.

We next studied the HTO and Ba(Ac), reaction system.
As shown in Fig. 1C-a, the BT phase was not formed at
400 °C, suggesting that Ba(Ac), is less reactive than Ba(OH),.
The weak diffraction peaks of (110) of BT and (101) of anatase
TiO, emerged at 500 °C (Fig. 1C-b). As the temperature
increased, the intensity of the diffraction peaks of both BT
and anatase TiO, increased continuously (Fig. 1C-a-d), indica-
ting that the amount and crystallinity of the two specimens
increased. After sintering above 900 °C, the strong diffraction
peaks of BT and anatase TiO, disappeared, and an extremely
weak diffraction peak of rutile TiO, appeared (Fig. 1C-e).
In addition, it is found that the obtained specimens show
platelike morphology (Fig. S2 (ESIt) and Fig. 1D), and only
one type of single-crystal-like perovskite SAED spot pattern is
observed in one platelike particle. The crystal facets of (—111)
and (—110) located along the [110] zone axis and (001) and (012)
located along the [100] zone axis of BT were obtained (Fig. S2,
ESIt). The results of the investigation of 14 random BT meso-
crystals are listed in Table S2 (ESIt). As seen from the table, the
[100] direction has the highest occurrence probability, which is
around 42.9%, followed by the [110] direction, similar to the
HTO and Ba(OH), reaction system.

As the BT phase obtained in the HTO-Ba(OH),-8H,0 and
HTO-Ba(Ac), reaction systems is impure, we next studied the
reaction system using Ba(NOs),, BaCO; and Ba[CH;(CH,);,COO],
as barium sources. As shown in Fig. 1E-a, for the HTO-Ba(NO3),,
system, after calcination at 400 °C, the main diffraction peaks of
the product were the anatase TiO, phases, and the characteristic
peaks of BT were also clearly observed. The specimen contained a
small amount of the anatase TiO, phase and a large amount of BT
at 500 °C (Fig. 1E-b). It is worth noting that as the calcination
temperature increases over 600 °C, the TiO, phase disappears,
thereby achieving the pure BT phase (Fig. 1E-c). To further clarify
the phase composition and zone axis of the specimen obtained by
the calcination of the mixed powders of HTO and Ba(NO;), at
600 °C for 3 h, the SEM and TEM images and SAED patterns were
studied. It is found that the specimens show a platelike morpho-
logy (Fig. S3 (ESIt) and Fig. 1F). The SAED pattern shows the 011
and 001 single-crystal-like diffraction spots of BT located along
the [100] zone axis (Fig. 1F). Furthermore, 120 and 2—11 diffrac-
tion spots of BT are observed in Fig. 1F-d, suggesting that the
[—215] direction for the BT nanocrystals is still achieved. These
results indicate that different platelike BT mesocrystals with
different facets can be prepared using the HTO-Ba(NO3), reaction
system. The occurrence probabilities of the zone axes of the
platelike BT mesocrystals are listed in Table S3 (ESIt). The [100]
and [110] directions are dominant and the [100] direction has the
highest occurrence probability of up to 60%. These results imply
that the BT mesocrystal prepared using Ba(OH), or Ba(Ac), as a
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raw material is a mixture of BT and TiO, phases, while that
prepared by sintering HTO and Ba(NO;), mixed powder is a pure
BT phase. The occurrence probabilities of the zone axes for the
BT mesocrystals are nearly the same when different barium
compounds are used as the starting materials.

The pure BT phase was also obtained in the HTO-BaCO; and
HTO-Ba[CH3(CH,);6COO], reaction systems, as indicated in
Fig. S4 and S5 (ESIt). The nanostructures and zone axes of the
specimen obtained by the calcination of HTO-BaCO; mixed
powders at 800 °C for 3 h were investigated using TEM and SEAD,
as shown in Fig. S4B (ESIY). It is easy to observe a set of single-
crystal-like SAED spots for the BT phase with the [11-4] and [100]
zone axes located on the basal plane (Fig. S4B-b and d, ESIY),
which also indicates that the BT mesocrystal with platelike
morphology (Fig. S4B-a and c and S6, ESIf) can be generated
under 800 °C for 3 h. The obtained BT mesocrystals also show
different zone axes. It can also be confirmed that the platelike BT
particles produced from the HTO-BaJCH;3(CH,),,COO], reaction
system are also constructed from nanoparticles (Fig. S5B-a and ¢
and S7, ESIY). In the corresponding SAED patterns (Fig. S5B-b and
d, ESIY), a set of SAED spots can be assigned to the (001) and (110)
planes of the BT mesocrystal located along the [110] zone axis.
Single-crystal diffraction spots assigned to the (001) and (012)
planes of the BT mesocrystal are also observed, indicating that the
obtained BT mesocrystal also shows different zone axes. The
occurrence probability of the zone axes for the BT mesocrystals
is calculated as shown in Table S4 (ESIt). The [100], [110], and
[1—1—4] directions are dominant, and the occurrence probability
of the [100] direction is relatively high.

To determine the impact of the raw materials on the zone
axes of the specimens, we selected the most reactive Ba(NO3),
and the least reactive Ba(Ac), for further investigation. The XRD
patterns of the products obtained by the prolonged calcination
of the HTO-Ba(Ac), and HTO-Ba(NO3), mixed powders at 500 °C
are shown in Fig. S8 (ESIT). The peak intensity of anatase TiO,
obtained from the HTO-Ba(NO;), reaction system is much
lower than that obtained from the HTO-Ba(Ac), reaction system
(Fig. S8a and b, ESIt), which indicates that the obtained
product has higher purity at 500 °C for 15 h than for 3 h and
further implies that Ba(NOj3), has high reactivity. The pure BT
phase with strong diffraction peaks can be obtained from the
HTO-Ba(NOj3), reaction system when the reaction time is
extended to 18 h (Fig. S8, ESIt), suggesting that BT has high
crystallinity. The corresponding SEM images of the specimens
with platelike morphology are also shown in Fig. 2A. This result
indicates that platelike BT particles with a mean size of 1.31 um
(Fig. 2A-d) can be obtained by the calcination of HTO and
Ba(NO3), mixed powders at 500 °C for 18 h, and it can be used
as a suitable template for the fabrication of textured BT
ceramics.

Fig. 2B shows the TEM images and SAED patterns of the
specimens obtained by the calcination of HTO and Ba(NOj3),
mixed powders at 500 °C for 18 h. The platelike polycrystalline
specimens are constructed from nanoparticles with a size of
around 50 nm (Fig. 2B-a and c). Different orientations are
observed from dissimilar platelike BT mesocrystals, which

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(A) SEM images of the specimens obtained by the calcination of HTO and (a) Ba(Ac), and (b and c) Ba(NOs), mixed powders at 500 °C for (a and b)

15 h and (c) 18 h. (A) (d) shows the particle size distribution of the specimens shown in the SEM image of (A) (c). (B) (a and c) TEM images and (b and d)
SAED patterns of the specimens obtained by the calcination of HTO and Ba(NOs3), mixed powders at 500 °C for 18 h.

include the orientation of the [110] and [100] zone axes of the
nanoparticles (Fig. 2B-b and d). As seen from Table S5 (ESIT),
the [100] and [110] directions are the main zone axes, and the
occurrence probability of over 60% of the [100] direction is still
higher than that of the [110] direction. These results indicate
that platelike BT mesocrystals with different facets can be
obtained after prolonged calcination of the mixture of HTO
and Ba(NOj3), powders.

The results suggest that pure platelike BT mesocrystals can
be prepared by the prolonged reaction of HTO and Ba(NOj3),
at 500 °C. All the BT mesocrystals are constructed from the
oriented nanocrystal with the same crystal axis. Moreover,
among these zone axes of the platelike BT mesocrystals, the
[100] direction has the highest occurrence probability, followed
by the [110] direction. To the best of our knowledge, this is the
first study to demonstrate that different products obtained
from the same reaction have different zone axes, in contrast
to only the [100] zone axis of the platelike BT particles prepared
by a solvothermal process in Ba(OH),-8H,0 solution."®** Such
2D BT mesocrystals could be regarded as a promising candidate
template for fabricating textured ceramics with high piezo-
electric properties. The microstructure of 2D BT mesocrystals
requires further investigation.

3.2 Investigation of the microstructures of BT polycrystals

The 2D and 3D morphologies of the BT polycrystals and the
microstructures of the multi-crystal-oriented BT polycrystals
were investigated via atomic force microscopy (AFM) and
Raman scattering. Fig. S9 (ESIT) shows the AFM images of the
2D and 3D morphologies of the platelike BT mesocrystals
obtained by the calcination of mixtures of HTO-Ba(Ac), and
HTO-Ba(NO3), at 500 °C for 15 and 18 h, respectively. The
nanoscale BT particles aligned with each other on the platelike
particles are uniformly distributed, while the rough surfaces of
the specimens are observed under the bright and dark paths.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The nanoparticles of BT are more uniformly distributed in
the case of the HTO and Ba(NO;), reaction system at 500 °C
for 18 h. These results are consistent with the TEM results
(Fig. 2B-a and c). The Raman spectra for anatase TiO, and the
specimens obtained by different reaction systems are shown in
Fig. S10 (ESIt). The anatase TiO, phase, which belongs to the
tetragonal system, shows Raman scattering bands at around
144, 396, 518, and 639 cm ™', which can be assigned to the E,
Big, Ayg, and B, modes, respectively (Fig. S10a, ESIT).*" Among
them, the band at 144 cm ' is the symmetrical-type O-Ti-O
variable angle vibration peak with the strongest intensity, which is
the characteristic peak of the anatase TiO, phase. It is well known
that the main Raman scattering bands at around 2504,(TO),
306B;, 520 [E(TO), A;(LO)], and 720 [E(TO), A;(LO)] cm*
correspond to the tetragonal BT phase.*>** The Raman spectra
of the specimens obtained by different reaction systems at
600 °C for 3 h are the same as the bands of the anatase TiO,
phase (Fig. S10b-f and d-f, ESIT), which means that the main
phase of the specimen is still the TiO, phase. However, strong
bands for the tetragonal BT phase (Fig. S10b-d, ESI{) in
the HTO-Ba(NOs),, HTO-Ba(OH),, and HTO-Ba(Ac), reaction
systems can be confirmed, while strong bands for the anatase
phase (Fig. S12e and f, ESIf) in the HTO-BaCO; and HTO-
Ba[CH;3(CH,);6COO], reaction systems can be observed. This
result is consistent with the XRD results (Fig. 1A, 1C, 1E and
Fig. S4A, S5A, ESIf) and further illustrates the reactivity
sequence of the barium compounds.

It is worth noting that the band at 120-125 cm™ " might be
derived from the strain between the BT phase and the anatase
phase. To show that strain exists in the BT mesocrystal nano-
structure, pure platelike BT mesocrystals obtained by the
calcination of HTO and Ba(NO3), mixed powders at 500 °C for
18 h were investigated further. The Raman spectra and map-
ping are shown in Fig. 3. Ten strips of nearly the same Raman
spectra (Fig. 3A) are derived from 10 equidistant points selected
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in the Raman mapping (Fig. 3B). Each of these spots in Fig. 3B
is the Raman signal of the 2D polycrystalline specimen, which
corresponds to the Raman spectrum in Fig. 3A. Each spectrum
presents the similar typical tetragonal BT phases, suggesting
that the constructed nanoparticles of the specimen are uni-
formly distributed. However, unlike the reported Raman spec-
tra of tetragonal BT,***> the Raman spectra of the tetragonal BT
mesocrystals prepared in this study show multiple bands below
200 cm™*, which could be attributed to the in-plane compres-
sive stress induced by the strain derived from the interior of the
mesocrystals. This result also implies that the tetragonal BT
mesocrystals are constructed from crystal-axis-oriented nano-
crystals, giving rise to multiple in-plane bending vibrations of
different Ti-O bonds from the BT products. This can also be
verified by the bands with a uniform position of around
306 cm~ " shown in the magnified view in Fig. 3A. The Raman
spectra for anatase TiO, and the specimens obtained by differ-
ent reaction systems indicate that a single BT mesocrystal only
has its own stress and no external stress, i.e., the obtained BT
mesocrystals without stress are nearly uniform. All the above-
mentioned results suggest not only that the distribution of
nanocrystals of BT mesocrystals is uniform but also that a
single BT mesocrystalline grain has only one type of crystal
direction.

3.3 Formation mechanism of the multi-crystal-oriented BT
polycrystals

To better understand why the [100] direction has the highest
occurrence probability among the zone axes of the platelike BT
mesocrystals, the surface energies of the relaxed BaTiO; (001),
(010), (101), (—110), (011) and (111) surfaces were calculated.
Before the calculation, the bulk properties of BaTiO; were first
calculated, as shown in Fig. S11 (ESIt).

Fig. 4A shows the optimized structures of the BaTiO; (001),
(010), (101), (—110), (011) and (111) surfaces with different
terminated, computations are performed using a (1 x 1) unit
cell with 4 atomic layers and a vacuum layer with a thickness
of 15 A. The calculated surface energies of the relaxed
BaTiO;3(001), (010), (101), (—110), (011) and (111) surfaces are
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(A) Raman spectra and (B) Raman mapping of BT mesocrystals obtained by the calcination of HTO and Ba(NOs), mixed powders at 500 °C for 18 h.

listed in Table 1. The surface energies calculated for BaTiO;
(010) with TiO, and BaO-terminated have only a small differ-
ence (0.0514 and 0.0605 eV-A~2, respectively). However, for the
BaTiO;3 (011) and (101) surfaces, different terminations have
great differences in their surface energies, and the O-terminated
surface has the smallest energy (0.0895 eV-A~2). This means that
the O-terminated BaTiO; (011) and (101) surfaces are more stable
than the BaTiO-terminated surface. The surface energy calculated
for BaTiO; (111) with BaO-terminated is 0.1078 eV-A~2. Therefore,
the surface energies of BaTiO; are in increasing order as follows:
(010) surface < (001) surface < (011) surface = (101) surface <
(—110) surface < (111) surface, which shows that the BaTiO5(010)
and (001) facets are relatively easy to expose on the surface. This
conclusion is in agreement with our experimental results, since
the BaTiO3(010) and (001) surfaces correspond to the [100]
Zone axis.

In general, the microstructures of the obtained products
under the same reaction conditions are the same or similar to
each other. However, in this study, the zone axes of the BT
mesocrystals obtained from the reactions of the HTO single
crystal and the barium compounds are different. This can be
ascribed to the precursor HTO and the allied TiOg octahedral
layers of the reaction process. The mechanism for the for-
mation of BT polycrystals with multiple zone axes from the
HTO crystal is proposed, as shown in Fig. 4B. After calcination
in the temperature range of 500-600 °C, the HTO crystal can
generate different TiO, polymorph polycrystals, such as TiO,
(B), which may be the twinning of TiO, (B); and TiO, (B),,
anatase, and rutile.”” In this case, during the reaction process
of the HTO single crystals and the barium compounds, any type
of generated TiO, polymorphs derived from the polycrystal may
be naturally selected as a seed crystal (left of Fig. 4B), and the
other titanium sources act as supplements growing around the
seed crystals by heteroepitaxial growth to form the crystalline
BT phase until they are all consumed. The different seed
crystals obtained from the TiO, polymorphs result in different
orientations of the crystalline BT phase. Therefore, the zone
axis of a single platelike crystal is unique, while the zone axes
of different single mesocrystals may be different, which are

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Ba, Ti and O atoms, respectively). (B) Schematic illustration of the proposed mechanism for the formation of BT polycrystals with multiple zone axes from
the intermediate TiO, polymorph nanocomposite polycrystal derived from the HTO single crystal after thermal treatment.

Table 1 Calculated surface energies of the relaxed BaTiO3z (001), (010),
(011), (101), (—110) and (111) surfaces with different terminations

Surface Type Surface energy (eV-A7?)
(001) BaO-Terminated 0.0622
(010) TiO,-Terminated 0.0514
BaO-Terminated 0.0605
(011) O-Terminated 0.0895
BaTiO-Terminated 0.1214
(101) O-Terminated 0.0895
BaTiO-Terminated 0.1212
(-110) O-Terminated 0.0944
BaTiO-Terminated 0.1164
(111) BaO-Terminated 0.1078

consistent with the above-mentioned SAED results. The BT meso-
crystals with the [110] orientation using the [010]-oriented anatase
as seed crystals are dominant because the [110] direction corre-
sponds to the [010] direction of anatase in the crystal conversion
process,*® which is in accordance with the above-mentioned
results.

3.4 Textured BT piezoelectric ceramics fabricated from BT
mesocrystals

Texture engineering for the control of the orientation direction
of piezoelectric ceramics is an effective method for enhancing
their piezoelectricity. The TGG method is widely adopted for

© 2022 The Author(s). Published by the Royal Society of Chemistry

the fabrication of textured ceramics. A template might be
selected using the platelike BT mesocrystal obtained by the
calcination of HTO-Ba(NOj3), mixed powders at 500 °C for 18 h,
although the 2D BT mesocrystals have multiple zone axes.
We also prepared textured BT ceramics via the TGG method
using a mixture of platelike BT mesocrystals and spherical BT
powder with non-orientation as starting materials. Fig. 5A
shows the XRD patterns of BT ceramic specimens after sinter-
ing at different temperatures using pure platelike BT meso-
crystals as materials. The strongest peak was the peak of (200)
of the BT ceramics rather than the peak of (110) of the BT
mesocrystals, and BT ceramics with the [200] orientation that is
equivalent to the [100] orientation were fabricated. The degree
of orientation and the relative density of the textured BT
ceramics are listed in Table 2. As the sintering temperature
increases, the degree of orientation increases from F(zo0) = 69%
at 1200 °C to F(zo9) = 81% at 1250 °C, whereas the degree of
orientation decreases to 64.15% after the temperature increases
above 1300 °C. The results are consistent with the dominant
[100] zone axis calculated from the SAED data of the obtained
platelike BT mesocrystals. Moreover, the degree of the [100]
orientation (81%) of the formed ceramics is higher than the
occurrence probability (60%) of the [100] zone axis of the BT
mesocrystals, suggesting that the orientation may improve after
ceramic growth.

Mater. Adv., 2022, 3, 4878-4889 | 4885
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(A) XRD patterns of the BT ceramic specimens prepared from platelike BT mesocrystals under the different sintering temperatures of (a) 1200,

(b) 1250, and (c) 1300 °C. (B) The surfaces (a, ¢, and e) and (b, d, and f) cross-sectional SEM images of the BT ceramic specimens prepared from the BT
mesocrystals at the sintering temperatures of 1200, 1250, and 1300 °C, respectively. (C) Schematic diagram of the formation mechanism of textured BT

ceramics with BT mesocrystals as the template.

Table 2 Degree of orientation ([100]) and d=3 of the textured BT ceramic specimens prepared from BT mesocrystals sintered at different temperatures

Ratio of BT powder/BT Sintering Relative Degree of ds3
No. mesocrystal temperature (°C) density (%) orientation (%) (pC N
1 0:10 1200 95.27 69 244
2 0:10 1250 98.05 81 310
3 0:10 1300 96.30 64 295
4° 0.5:9.5 — 60 —
5 0.5:9.5 1250 73 322
6 1:9 1250 61 319
7 1.5:8.5 1250 43 207

“ The specimen is the green compact before sintering.

Fig. 5B shows the SEM images of the surfaces and cross
sections of the ceramic specimens after sintering at different
temperatures. After sintering above 1200 °C, many gaps
between the grains and relatively poor density are observed
for the BT ceramic specimens in Fig. 5B-a and b. Uniform size,
homogeneous microstructure, and high density of the BT
ceramics are obtained after sintering at 1250 °C for 3 h
(Fig. 5B-c and d). When the sintering temperature further
increases to 1300 °C (Fig. 5B-e and f), the density of the
prepared specimens decreases. Therefore, the optimum sinter-
ing condition of the BT ceramics is 1250 °C for 3 h. We also
measured the piezoelectric constant d;; of the materials at
different temperatures, as shown in Table 2. It is found that the
value of d;; increases with the treatment temperature, reaching
a maximum value at 1250 °C, and then decreases with further
increase in temperature.

4886 | Mater. Adv, 2022, 3, 4878-4889

In addition, as shown in Table 2, the ratio of the BT powder
to BT mesocrystal has a significant influence on the degree of
orientation and ds;. At a ratio of 0.5:9.5, after sintering, the
degree of the occurrence probability of the [100] zone axis
increases from 60% to 73%. At the same time, a high d;; value
was also obtained. By further increasing the ratio of BT powder
to BT mesocrystal, both the degree of orientation and ds;
decrease. The above-mentioned results indicate that the small
grain size, high density, and high degree of orientation of the
textured BT ceramic are very promising for high-performance
piezoelectric materials.

3.5 Formation mechanism of the textured BT ceramics

The piezoelectric constant (ds3 = 322 pC N~ ') of the textured BT
ceramic prepared from the BT powder/BT mesocrystal mixture
with a ratio of 0.5: 9.5 is close to the dj; value of the textured BT

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ceramic prepared from the pure BT mesocrystal (310 pC N~ ).
The formation mechanism of the textured BT ceramic by
the TGG method using the platelike BT mesocrystal reaction
system is shown in Fig. 5C. In the first step, the template slurry
of randomly oriented BT mesocrystals was arranged using a
doctor blade to form a green sheet by a tape casting process.
The platelike BT mesocrystals with different orientations were
aligned to increase the degree of orientation. In the second
step, the green sheets with preferred orientation were stacked
to form a green compact after densification. In this case,
the green compact could be considered as a meaningful com-
position that is constructed from the oriented templates of 60%
and matrix grains of 40%, where the oriented templates are
oriented BT mesocrystals with the [100] orientation and the
matrix grains are oriented BT mesocrystals with the non-[100]
orientation. Therefore, although this is an interesting coinci-
dence, the ratio of the oriented templates and the matrix grains
is conducive to the fabrication of high-performance piezo-
electric ceramics.*”*® Finally, the textured BT ceramics can be
obtained by three-step calcination. In this process, the oriented
BT ceramic is developed mainly by the growth of oriented
BT mesocrystal template particles at the expense of matrix
grains.*® The textured BT ceramics exhibit a high piezoelectric
property, which is due to the fabricated ceramic with a high
degree of orientation, high density, and small grain size. Most
importantly, the oriented BT mesocrystal is the raw material
with a dominant [100] orientation of 60%, and it is constructed
from the nanocrystal with the same crystal axis.

4. Conclusions

The platelike BT mesocrystals can be prepared from platelike
HTO single crystals and barium compounds via a topochemical
mesocrystal conversion mechanism. Further, we showed that
BT mesocrystals with high purity and multi-crystal orientation
can be prepared using the HTO and Ba(NOj;), reaction system
at 500 °C. The (100) facet was found to be dominant owing to
the allied TiOs octahedral layers of the HTO precursors. DFT
calculations verify that the BaTiO;(100) surface can be most
easily generated compared to the other surfaces. In addition,
[100]-textured BT ceramics with high density, a high degree of
orientation, and a high piezoelectric constant could be fabri-
cated by the TGG process using BT mesocrystals as raw materials.
Textured BT ceramic materials showing a high d;; value of
322 pC N " were realized using the BT powder/BT mesocrystal
mixture with a mole ratio of 0.5:9.5 as raw materials at a
sintering temperature of 1250 °C for 3 h. The textured BT
ceramics exhibited a high piezoelectric property owing to the
fabricated ceramic with a high degree of orientation, high
density, and small grain size. They were developed mainly by
the growth of oriented template BT mesocrystals with the [100]
zone axis at the expense of matrix grains, which are BT
mesocrystals with the non-[100] zone axis. The BT mesocrystal
was shown to be suitable for preparing [100]-textured BT
ceramics with high density and high piezoelectric properties.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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In summary, a new target was presented for the development of
high-performance piezoelectric materials.
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