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Perovskite pure BaTiO; (BT) nanoparticles with spherical mor-
phology and PX-phase PbTiO3 (PT) nanowires with acicular
morphology, were synthesized by microwave-hydrothermal pro-
cess, and their atomic-scale microstructures were characterized
by electron microscopy. Both X-ray diffraction (XRD) and se-
lected area electron diffraction (SAED) patterns demonstrated
that the produced BT nanoparticles remained a cubic perovskite
structure at room temperature. The BT nanoparticles exhibited
a spherical morphology with a nearly uniform size of 50 nm. The
PX-phase PT nanowires exhibited acicular morphology with
diameter sizes of 40-60 nm and length up to several microme-
ters, and the aspect ratio was close to 90. They tended to grow
into a regular structure with parallel arrangement along their
long axis in the [001] direction. The extinction rule for the
diffraction indexes (A, k, I) in the XRD pattern is the sum of
(h, k, I) equal to odd number, similar to body-centered cubic
crystal. In the SAED patterns of the PX-phase PT nanowires,
both super electron diffraction spots with a threefold modulated
periodicity along the [110] direction and the appearance of
strong diffraction spot (008) but the forbidden (004) spot,
were clearly observed, which indicated that the PX-phase PT
has a threefold modulated periodicity along the [110] direction,
and fourfold modulated periodicity in the [001] direction, re-
spectively. This result was confirmed by high-resolution trans-
mission electron microscopy images. The Raman bands centered
near 146, 193, and 292 cm ! observed in the nanowires at room
temperature, could be assigned to the E(1LO), E(2TO), and
E+ B; phonon modes of the tetragonal PT structure, respec-
tively. However, no phonon modes of the tetragonal PT struc-
ture were responsible for the additional three Raman bands
centered near 175, 548, and 832 cm™ ', which are presumed to be
resulted from the additional Raman modes of the PX-phase PT
with a large and complex unit cell.

L

ESEARCH and technology of functional ceramics are pre-

dominantly focused on perovskite metal oxides with com-
positions mainly based on BaTiO; (BT), PbTiO; (PT), and
Pb(Zr,Ti)O; (PZT). These perovskite compounds readily form
solid solutions with a large number of other oxides, thus, pro-
vide an immense variety of ferroelectric properties.! Ferroelec-
tric materials are characterized by two features, namely, the
existence of spontaneous polarization and the possibility to
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reorient the polarization by an external electric field. Such prom-
inent features make the ferroelectric oxides possess broad range of
properties, such as spontaneous polarization, high dielectric per-
mittivity, piezoelectricity as well as pyroelectricity, which find a
variety of applications in nonvolatile ferroelectric memories, thin-
film capacitors, piezoelectric sensors and actuators, and pyroelec-
tric detectors.? For example, BT is widely used as dielectric in ce-
ramic capacitors and, in particular, in multilayer ceramic
capacitors (MLCCs) because of its high dielectric characteristics.
Following a similar trend to miniaturization as conventional semi-
conductors, the down-sized electronic devices, based on electro-
ceramic materials such as MLCCs, have been developed. In order
to enhance the capacitance per unit volume, currently, much
effort is focused on increasing the dielectric constant of the ce-
ramic material as well as on decreasing the thickness of the di-
electric layers in MLCCs. To achieve a thinner dielectric layer,
dielectric BT materials with ultra-fine grains are highly required.
At present, the dielectric layer thickness for an MLCC with the
highest volumetric efficiency is as thin as 1 pm, and this thickness
is expected to become <0.3-0.5 pm within the next 10 years.
Consequently, the sizes of BT particles used for fabricating the
next generation of MLCCs will be lowered down to tens of nano-
meters. Although the bulk properties of BT ceramics have been
widely investigated, more recently, there has been renewed interest
in nanoscale particles of this material because the electrical prop-
erties are strongly dependent on the grain size and crystalline
structure. Because the tetragonal BT is used in ferroelectrics and
cubic BT is used in capacitors a better understanding of the nano-
structure of ultrafine BT particles of both phases is of interest as
well as the correlation of properties with particle size.

Conventionally, perovskite BT nanoparticles are synthesized
by solid-state reactions between barium carbonate and titanium
oxides at elevated temperatures above 1000°C.>* However, the
resulting microstructures of the BT powders obtained from this
method are not suitable for developing high volume efficient
MLCCs, due to their significant particle agglomeration, poor
chemical homogeneity, and coarse large particle sizes. In recent
years, wet-chemical methods such as the sol-gel method,>¢ alk-
oxide synthesis,”® and hydrothermal method”'? have been
developed to replace the conventional solid-state reactions for
the synthesis of perovskite BT nanoparticles. Nanosized BT
particles are synthesized by wet-chemical methods, which makes
the BaTiOj; system very attractive for developing new electronic
nanodevices. As an example, the synthesis, processing, and elec-
trical characterization of thin (<100 nm thick) nanostructured
BT thin films built from uniform BT spherical nanoparticles
with a diameter below 20 nm, are reported.'® The results show
that the BT nanoparticles can be used as initial building blocks
for preparation of thin films which exhibit highly uniform nano-
structured texture and grain sizes.

Among the chemical methods developed so far, the hydro-
thermal method is one of the most promising routes for pro-
ducing extremely fine particles with spherical morphology and
narrow size distribution.'* Perovskite BT nanoparticles synthe-
sized via hydrothermal method have been investigated exten-
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sively with a focus on the MLCCs. The recent significant pro-
gresses made in this subject are comprehensively reviewed
by Pithan et al.,”” and Yoon and Lee.'®!'” To control the growth
of BT nanoparticles with the desired particle size and morphol-
ogy, the reaction kinetics and formation mechanisms of BT
nanoparticles under hydrothermal conditions have been inves-
tigated, and also controversially discussed in the litera-
tures,10:14.18-20

To enhance the crystallization kinetics of hydrothermal pro-
cess and obtain BT powders with a high degree of homogeneity
and uniform particle size at lower temperature, microwave—
hydrothermal process, has received much attention due to its
many distinct advantages over the conventional hydrothermal
process. For example, in the microwave-hydrothermal process,
the microwave radiation couples with the material, and the elec-
tromagnetic energy is converted into thermal energy, which is
absorbed by the material. Therefore, the heat is generated from
inside the material, in contrast with conventional autoclave
heating methods where the heat is transferred from outside to
inside. This internal heat allows very rapid heating to the crys-
tallization temperature, faster kinetics of crystallization by one-
to-two orders of magnitude compared with the conventional
hydrothermal process, and also saves energy and time. In addi-
tion, microwave heating is particularly suitable for perovskite
dielectric ceramic materials because the absorption degree of
microwaves by them is much high due to their large dielectric
constant and high dielectric loss.?! BT nanoparticles synthesized
under microwave irradiation have been reported22’25; however,
the produced BT particles reported previously, usually have a
large degree of agglomeration, and varied distributions of par-
ticle size and shape. Therefore, much effort remains to be made
to synthesize pure-phase BT nanoparticles with uniform fine
particle size and spherical morphology by microwave—hydro-
thermal process for developing high volume efficient MLCCs.

PT is another important ferroelectric material with a perovs-
kite structure and a Curie temperature of 490°C, which is widely
applied in electronics as multilayer capacitors, nonvolatile mem-
ories, ultrasonic transducers, and pyroelectric detectors, due to a
large pyroelectric coefficient and a relatively low permittivity.>®
Over the past decade, many chemical methods (e.g., sol-gel,?’
coprecipitation,”® combined polymerization and pyrolysis of
metallo-organic precursors,” and hydrothermal®*=?) have been
developed to prepare the PT powders with controlled physical
and chemical characteristics. The crystalline PT powders
synthesized via hydrothermal process do not require high tem-
perature calcination process, so the resulting aggregation and
the subsequent milling process can be eliminated. Previous
works have demonstrated that the PT powders prepared via
hydrothermal process exhibit different crystal structures such
as perovskite type, pyrochlore type, and tetragonal body-
centered type (also named as PX-phase), and various
morphologies (e.g., spherical, tabular, and acicular), which are
dependent upon the reaction conditions.****

Recently, one-dimensional (1D) ferroelectric nanostructures
have attracted a great attention due to their distinctive geome-
tries, novel physical and chemical properties, and potential
applications in nanodevices. The acicular PX-phase PT nano-
wires with high aspect ratio, are ideal initial building blocks for
fabricating 1D ferroelectric nanostructures, due to their special
geometry and anisotropic ferroelectric properties. Suzuki
et al>® have reported on the acicular PX-phase PT nanowires
synthesized via hydrothermal method by using TiCl; and
Pb(CH3COO), as starting materials, and KOH as a mineral-
izer. However, they did not obtain the pure phase of acicular PT
nanowires. Later, Cheng et al.>* reported the preferable condi-
tions for obtaining pure acicular PT nanowires with aspect ratio
over 10 (axis diameter usually <100 nm and length >1 pum) by
using hydrothermal process and, lead nitrate and titanium but-
oxide as starting materials. More recently, perovskite PZT crys-
tallites with acicular morphology (diameter of the crystallites
<100 nm and length >2 pm), synthesized via hydrothermal
process by using tetramethylammonium hydroxide pentahy-
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drate as a mineralizer, are also reported by Cho er al®
Although the synthesis of acicular PX-phase PT nanowires
has been reported, however, their chemical formula (PbTiO3),
(n—an unknown integer), and crystal structures, still remain
unclear due to the lack of high-resolution transmission electron
microscopy (HR-TEM) characterizations of these anisotropic
nanowires. Clearly, to better understand the microstructure of
PX-phase PT nanowires at atomic scale, much HR-TEM work
remains to be done.

The objective of the current work is given an effort to syn-
thesize high pure, agglomerate-free perovskite BT nanoparticles
with spherical morphology and monodispersed sizes by micro-
wave-hydrothermal process at temperatures as low as 150°C,
and their atomic-scale microstructures were characterized by
electron microscopy. In addition, the PX-phase acicular PT
nanowires with aspect ratio close to 90, synthesized via micro-
wave-hydrothermal method, are also characterized by HR-TEM
at atomic scale for the first time, to the knowledge of the authors.
Our new findings reveal that the PX-phase PT nanowires have a
threefold modulated periodicity along the [110] direction, and
fourfold modulated periodicity in the [001] direction. They tend
to grow into a regular structure with parallel arrangement along
their long axis in the [001] direction. The Raman spectroscopy
study of the nanowires at room temperature also demonstrates
that some additional Raman modes are produced in the large
and complicated unit cell of PX-phase PbTiO;.

II. Experimental Procedure

(1) Starting Materials

Reagents of lead acetic hydrate (Pb(CH3;COO), - 3H,0) (Sigma
Aldrich, Shanghai, China), barium chloride (BaCl,-2H,0)
(Sigma Aldrich), and tetrabutyl titanium (Ti(OC4Hy)4) (Sigma
Aldrich) were used as lead, barium, and titanium sources. Po-
tassium hydroxide (KOH) (Sigma Aldrich) was used as alkaline
mineralizer.

(2) Microwave—Hydrothermal Synthesis

All the syntheses were performed using the MARS 5 (CEM
Corp., Matthews, NC) microwave digestion system. The system
was operated at a 2.45 GHz with a maximum power of 1200 W,
and the power varied from 0% to 100%. The system was con-
trolled by temperature (maximum, 300°C) and pressure (maxi-
mum, 800 psi). The adjusted parameters were pressure/
temperature, power, and hold time. The syntheses were carried
out in double-walled digestion vessels, which has an inner liner
and cover made up of Teflon PFA and outer high strength vessel
shell made of Ultem polyetherimide. For a typical synthesis of
BT nanoparticles, 1.1217 g-mol of KOH was dissolved in 20
mL of boiled double-distilled water followed by addition of
0.7808 g of BaCl,-2H,0 and 0.5 mL Ti(OC4Hy),. Boiled dou-
ble-distilled water was used to minimize the carbonate content
of the crystallized powder. The pH value of the resultant mixture
was found to be 14.0. The reaction mixture was heated to the
temperature of 150°C at a heating ramp of 5°C/min and main-
tained at that temperature for 50 min. After reaction, the auto-
clave was cooled down to room temperature, and the
crystallized BaTiO; powders were separated by centrifugation
and repeatedly washed with 0.1M aqueous nitric acid, filtered
and thoroughly washed with distilled water several times, and
finally oven-dried at 100°C for 24 h before structural character-
izations. To reduce the degree of particle agglomeration and to
control the size and morphology of the BT nanoparticles, be-
sides pure water solution, the reactive medium of water—ethylene
glycol (EG, Sigma Aldrich) mixed solution with a volume ratio
of 1:2, was also used for synthesis of BT nanoparticles under
microwave irradiation. For convenience, the produced BT
nanoparticles by using pure water as reactive medium were re-
ferred to as BT-1 sample, and the BT-2 sample designated for
the BT nanoparticles synthesized in a reactive medium of water—
EG mixed solution with a volume ratio of 1:2.
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The PX-phase PT nanowires with acicular morphology were
fabricated via microwave-hydrothermal process, and the typical
synthesized process was described as the followings. Initially,
high-purity Pb(CH;COOQ), - 3H,0 of 2.50 g was dissolved in de-
ionized water and Ti(OC4Hy), of 1.80 g was dissolved in ethanol
to form a uniform solution by stirring, respectively. And then
the solution containing Ti(OC4Hy), was slowly introduced into
the solution containing Pb(CH3;COO),-3H,O while stirring
slightly by a glass bar, and the pH value of the mixed solution
was adjusted to 13.0 by adding KOH. The mixture was then
transferred to an autoclave (filled up to about 80% capacity)
where it was immediately sealed and placed in a microwave
oven. The microwave-hydrothermal reactions of PX-phase PT
nanowires were carried out at 200°C for 90 min in an oven. Af-
ter cooling down to room temperature, the obtained products
were washed with organic acids and distilled water for several
times, to remove the absorbed impurities. Finally the nanowires
were dried at 80°C in an oven for 24 h before microstructural
characterization.

(3) Structural Characterization

The crystal structure and phase composition of the synthesized
BT nanoparticles and PX-phase PT nanowires were structurally
characterized by X-ray diffraction (XRD, Philips X’Pert MRD
four-circle diffractometer, Almelo, the Netherlands) using CuKo
radiation, and by scanning at 0.01°/s. Raman scattering inves-
tigations of the PX-phase PT nanowires were performed at
room temperature with a Jobin Yvon HR800 spectrometer
(JY Ltd., Horiba, France) with visible laser light (wavelength
514.5 nm) as the excitation source. The slits were adjusted so
that the resolution was 1 cm™!. The morphology and micro-
structure of BT nanoparticles and PT nanowires were examined
by Philips CM20 TEM (operated at 200 kV), HR-TEM (JEM-
4000EX, JEOL Ltd., Tokyo, Japan) and selected area electron
diffraction (SAED). The TEM, HR-TEM images, and SAED
patterns were recorded by Gatan multiscan charge-coupled
device (CCD) camera system (Model 794, Gatan Inc., Pleasan-
ton, CA). The TEM specimens were prepared by dispersing the
BT powders or the PT nanowires in ethanol, mixing it in an
ultrasonic generator, and putting a droplet of this dispersion on
a copper grid with a supported carbon thin film. The fast Fou-
rier transform (FFT) pattern and the corresponding Fourier
filtered HR-TEM images were obtained by using the Gatan
Digital Micrography software (revised version 2.0, Gatan Inc.).

III. Results and Discussion

(1) BaTiO; Nanoparticles

XRD patterns of the BT nanoparticles from the BT-1 sample
synthesized by microwave-hydrothermal process in a reactive
medium of pure water, before and after washed by nitric acid,
are shown in Fig. 1(A). Itis observed that all the peaks fit well to
the peak positions of cubic phase BT (JCPDS No.31-174). Nor-
mally, the diffraction pattern at the 20~45° region is a charac-
teristics of the presence of either cubic or tetragonal BT phase
structure. In this case, no splitting of cubic (200) into tetragonal
(200) and (002) reflections at about 45°, can be observed. To
demonstrate this clearly, a local fine XRD pattern scanned at 26
in the range of 44°—46°, is shown as an inset in Fig. 1(A). Ac-
tually, only a singlet XRD peak was observed at 20=45°
(diffraction peak from (200) plane). This indicates that the par-
ticles from BT-1 sample are of perovskite cubic structure at
room temperature. This result is also confirmed by the following
SAED patterns. It is also noticed that a weak diffraction peak
appears at about 20~22° in the BT-1 sample (without washing
by nitric acid), which was resulted from BaCO; by-product
(JCPDS No.11-697, in which, the diffraction peak (111) is po-
sitioned at 20~22.09°). The BaCOj; impurity is probably formed
by the dissolution of atmospheric CO, in the alkaline solution,
and followed by the precipitation of insoluble BaCO;. However,
this impurity can be completely removed by washing the pro-
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Fig.1. X-ray diffraction (XRD) patterns of (A) nanoparticles from
sample BaTiO; (BT)-1 and (B) acicular PT nanowires, synthesized by
microwave-hydrothermal process in reactive medium of pure water. In
(A), (a) and (b) are the XRD patterns of the BT-1 samples before and
after washed by nitric acid, respectively. The inset in (A) shows a local
fine XRD pattern scanned at 26 from 44° to 46°.

duced powders with aqueous nitric acid, as confirmed by the
comparison of the two XRD patterns shown in Fig. 1(A).

The grain sizes and morphologies of the nanoparticles from
BT-1 and BT-2 samples were revealed by TEM images, as
shown in Figs. 2(A) and (B), respectively. It is clearly observed
that in Fig. 2(A) many BT nanoparticles with sizes of 85-105
nm, have a strong tendency to agglomerate together, forming
the agglomerates with sizes of 170-260 nm. It is reported that
the basic forces responsible for agglomeration process are the
van der Waals forces of attraction.”® If van der Waals attractive
forces dominate over the repulsive forces at all distances, the
nanoparticles will agglomerate. Owing to the Brownian motion,
the nanoparticles may become in contact and agglomerate, as
the primary nanoparticles are colloidal in nature. Larger parti-
cles may get settled down under the influence of gravitational
force to form agglomerates. All the above-mentioned processes
can contribute to the formation of agglomerates and the reduc-
tion of surface energies of nanoparticles.

In the BT-2 sample, the reactive medium for microwave—
hydrothermal process was water—EG mixed solution with a vol-
ume ratio of 1:2. It is observed that in Fig. 2(B) the BT nano-
particles have nearly uniform size (~50 nm) and spherical
morphology. In comparison with BT-1 sample, BT-2 sample
has smaller particle size and better monodispersibility and cry-
stallinity. The possible reasons for the formation of nearly
monodispersed nanoparticles in BT-2 sample are described
below.

In the microwave—hydrothermal process, the formation
mechanism of nearly monodisperse BT nanoparticles with
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Fig.2. Bright-field transmission electron microscopy (BF-TEM) im-
ages of BaTiO; (BT) nanoparticles from (A) BT-1 and (B) BT-2 samples.
Two insets at the top-right corners are the selected area electron diffrac-
tion patterns taken from the BT-1 and BT-2 samples, respectively. The
first six diffraction rings marked in the insets can be labeled as (100),
(110), (111), (200), (210), and (211), respectively. The inset at the bottom-
right corner in B, is an enlarged TEM of the BT nanoparticles from the
BT-2 sample.

spherical morphology is proposed to involve different growth
process. First is the initial nucleation, and then the §rowth of BT
nanoparticles following a classical growth model,?” and eventu-
ally aggregation into larger units following with other growth
kinetics like the Smoluchowski’s equation.® For the forma-
tion of spherical nanoparticles, there must exist sufficient
short-range repulsion between the nucleates in the highly basic
environment, to restrict them forming agglomerations. The pres-
ence of EG solvent in the reactive medium can serve as surfact-
ants, which surrounds at the surface of the forming BT
nucleates, providing a barrier against the agglomeration and
overgrowth of BT nanoparticles through the microreactors
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formed by the EG solvent. An increase of the viscosity of the
reactive medium caused by the presence of EG solvent was also
noticed, which might also influence the size and morphology of
the nucleated nanoparticles. While we have not yet obtained the
systematic data of the viscosity values related to the particle
morphologies, however, in comparison with the BT-1 sample,
the growth of the nanoparticles in BT-2 sample was apparently
restrained by the presence of EG solvent in the reactive medium.
This finding is in agreement with the observations reported by
other researches in synthesizing BT nanoparticles by alcoho-
thermal process.*®3* The control of particle morphology in a
solution particle synthesis is a complex process requiring a fun-
damental understanding of the interactions between solid-state
chemistry, interfacial reactions and kinetics, and solution chem-
istry. In particular, the microwave—hydrothermal process con-
ducted under microwave irradiation and high pressure in a
closed reaction vessel, usually makes it much more difficult to
identify the solution species and, subsequently, to control, much
less predict, the particle shapes produced. However, in the pres-
ent work, the EG solvent was used as surfactant to form mi-
croreactors in the reactive medium, controlling the size and
morphology of the BT nanoparticles. By this way, perovskite
cubic BT nanoparticles with nearly uniform size of 50 nm and
spherical morphology were synthesized, which have promising
applications in the next generation of high volume efficient
MLCCs, where the particle sizes of the BT raw materials are
required to be only a few tens of nanometers with spherical
morphology. A systematic study of the influence of EG solvent
on the size and morphology of BT nanoparticles synthesized by
microwave—hydrothermal process, is currently in progress and
will be reported in a separate article.

The insets shown in Figs. 2(A) and (B) are the SAED patterns
taken from the BT-1 and BT-2 samples, which show polycrys-
talline diffraction rings consisting of discrete diffraction spots.
The first six diffraction rings are indicated in the two SAED
patterns. The diameters (D;, i = 1-6) of the first six diffraction
rings were measured and the D;?/D;? ratios (i = 1-6) were also
calculated. It was found that the D,? ratios are equal to
1:2:3:4:5:6. That means the SAED patterns are consistent with
the particles being of the BaTiOj; phase, and the diffraction rings
correspond well to the cubic perovskite structure. This result is
in well agreement with the above XRD. The first six diffraction
rings can be indexed as (100), (110), (111), (200), (210), and
(211), respectively.

The BT nanoparticles are also found to be single crystalline,
as additionally proven by high-resolution lattice images of indi-
vidual particles. Figure 3(A) is an HR-TEM image of the inter-
face between two adjacent BT nanoparticles from the BT-1
sample. The lattice fringes are clearly observed in the two BT
nanoparticles. Their interplanar spacing was measured to be
0.405 nm, which corresponds to the {100} lattice spacing of BT.
Figure 3(B) is a HR-TEM image of a nanoparticle from BT-2
sample. This particle is oriented along the [001] axis, and 2D
lattice fringes for the two perpendicular sets of (100) and (010)
planes are clearly observed. The insets shown in Fig. 3(B) are
the Fourier filtered HR-TEM image and the FFT pattern of the
nanoparticle. The sharp reflections of the FFT pattern can be
unambiguously attributed to the BT structure for a particle ori-
ented along the [001] direction. It is clearly observed that the
lattice fringes in the Fourier filtered HR-TEM image have some
degree of distortion, indicating some strains within the nano-
particle.

(2) Acicular PbTiO; Nanowires

XRD pattern of the acicular PT powders synthesized by micro-
wave—hydrothermal process is shown in Fig. 1(B). It is observed
that all the diffraction peaks can be indexed as the PX-phase
PbTiO; (JCPDS card no.48-0105), except for a small diffraction
peak marked with an asterisk at 20 = 31.33°, which was found
out to be the (101) peak of tetragonal PbTiO; (JCPDS No.75-
0438, in which, the (101) diffraction peak is positioned at
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Fig.3. (A) A high-resolution transmission electron microscopy (HR-
TEM) image of the interface between two adjacent nanocrystalline
BaTiO; (BT) particles observed in the BT-1 sample, and (B) a profile
HR-TEM image of a nanoparticle from the BT-2 sample viewed from
[001] direction. The two insets in B are the Fourier filtered HR-TEM
image and the fast Fourier pattern of the nanoparticle, respectively.

20 = 31.32°). The unit cell parameters of the acicular PT nano-
wires were calculated as @ = 12.33 A and ¢ = 14.49 A, matching
well with the literature values of @ =12.358 A and ¢ = 14.541
A It is also noticed that the forbidden diffraction indexes of
the acicular PX-phase PT nanowires, follow with a rule that the
sum of diffraction indexes (4, k, [) is odd number, similar to
the case of body-centered cubic crystal.

To obtain the information on the crystal structure of the
acicular nanowires from vibrational spectra, Raman scattering
investigations were also performed in this work. Figure 4
illustrates the Raman spectrum of the produced acicular PT
nanowires. Six characteristic major Raman bands centered near
146, 175, 193, 292, 548, and 832 cm™!, are clearly observed.
Among them, the Raman bands centered near 146, 193, and 292
cm ™! can be assigned to the E(1LO), E(2TO), and E+B; pho-
non modes of the tetragonal PbTiO; structure, respectively.
However, no phonon modes of the tetragonal PbTiO; could
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Fig.4. Raman spectroscopy of the produced acicular PX-phase PT
nanowires.

be responsible for the observed Raman bands around 175, 548,
and 832 cm™". These Raman bands are presumed to be resulted
from the additional Raman modes of the PX-phase PbTiO; with
a large and complicated unit cell. It is reported that the distor-
tions of the oxygen octahedra, B-type cation displacement
within the octahedra, and the tilting of the octahedra relative
to one another as rigid corner-linked units, appear in a more
complex perovskite-derived structure,*® they can break the tran-
slational symmetry to some degree, and cause the local electric
fields and local polarizability no longer replicating exactly from
one unit cell to another, resulting in additional Raman modes of
PX-phase PT nanowires.

It is known that the Raman spectra of crystals with relatively
small unit cells and a limited number of atoms, usually exhibit
all of the Raman modes, as expected from symmetry arguments.
However, in a complex unit cell with lots of atoms, experimental
results account for fewer and fewer of the calculated Raman
modes. The possible reasons may include*': (1) mode degener-
acy (two, three, or more modes are required by crystal symme-
try, to have almost the same wavenumber, appearing as a single
band in the Raman spectra), (2) some Raman modes are for-
bidden to be appeared due to symmetry confinements, (3) weak
bands lost in the measurement noise, and (4) more low wave-
number bands are produced due to the possible complex
torsional motions in a large unit cell like PX-phase PbTiOs.

The TEM images of the acicular PT nanowires are shown in
Fig. 5. In Fig. 5(A), it can be seen that 2~ 3 acicular PT nano-
wires with a diameter of 40 nm, grew in parallel arrangement
along their long axes, and the lengths of the wires are over 3 pum.

Fig.5. Transmission electron microscopy images of the acicular PX-
phase PT nanowires with average diameter sizes of (A) 40 nm, (B) 50
nm, and (C) 60 nm.
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As a consequence, their aspect ratio is close to 90. Such nano-
wires with a high aspect ratio, used as initial building blocks, will
have potential applications in fabricating 1D ferroelectric nano-
structures due to their unique geometry and anisotropic ferro-
electric properties. In Fig. 5(B), bundles of acicular PT
nanowires are also observed, they tend to arrange side by side
along their long axes, due to the van der Waals and/or electro-
static attraction forces. The diameter of an individual nanowire
is about 50 nm and length usually up to 1 um. In Fig. 5(C),
several 1D acicular PT nanowires grew into a regular structure
with parallel arrangement, and the average diameter of the wires
is about 60 nm with length up to 2 pm. The SAED pattern (inset
of Fig. 5C) shows clear diffraction spots of the crystalline PX-
phase PbTiOj3, which is taken from the [110] direction. Based on
the TEM image and SAED pattern, it can be determined that
the long axis of the nanowires is parallel to the [001] direction,
and the nanowires grew along the [001] direction, as marked by
a white arrow in Fig. 5(C). In addition, the superlattice electron

Fig.6. High-resolution transmission electron microscopy images of the
acicular PX-phase PT nanowires, showing the threefold modulated pe-
riodicity along (A) [100] and (B) [110] directions, respectively.
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diffraction spots with a threefold periodicity along the [110]
direction are also clearly observed in the SAED pattern, which
suggests that in the (001) plane, the PX-phase PbTiO; has a
modulation with a periodicity of 3dso (= 0.6165 nm) along the
a and b axes, respectively. This result is also confirmed by HR-
TEM images. Furthermore, in the [001] direction, the appear-
ance of (008) diffraction spot with strong intensity and the
forbidden (004) one are also observed, indicating that the PX-
phase PbTiO; has a modulation with a periodicity of 4dyog
(=0.7245 nm) along the [001] direction.

The HR-TEM images of the PX-phase PT nanowires are
shown in Fig. 6. In Fig. 6(A), well-developed lattice fringes are
clearly observed, indicating a good crystallinity of the PX-phase
PT nanowires. The lattice fringes of the HR-TEM image were
examined to be 0.617 nm, close to the (200) lattice spacing of the
PX-phase PT. The inset at right-bottom corner in Fig. 6(A), is
an enlarged HR-TEM image of the selected area marked by a
box in Fig. 6(A), which clearly demonstrates a modulated struc-
ture along the [100] direction. Three sub-layers are observed
between two adjacent (200) lattice fringes, and each sub-layer
correspond wells to the interplanar distance of (600) plane.
Therefore, the PX-phase PbTiO; has threefold modulated
periodicity along the [100] direction. The FFT pattern of the
PX-phase PbTiO3 nanowires, is shown as an inset in Fig. 6(A)
(top-right corner), which demonstrates the periodically modu-
lated structure of PX-phase PbTiO;. Similarly, the PX-phase
PbTiO; also has threefold modulated periodicity along the [110]
direction, as revealed by the HR-TEM image shown in
Fig. 6(B). The (110) lattice fringes of the PX-phase PT are
clearly observed, and in the enlarged HR-TEM image of the
selected area, the (330) lattice fringes are also clearly observed,
as marked by dot lines. The inset in Fig. 6(B) at top-right corner,
is the corresponding FFT pattern of the HR-TEM image, which
reflects the modulated structure of the PX-phase PbTiO; along
the [110] direction. That agrees well with the results obtained
from the above SAED pattern.

IV. Conclusions

In summary, we report on the syntheses of pure perovskite
spherical BaTiO; nanoparticles and acicular PbTiO3 (PX-phase)
nanowires by microwave—hydrothermal method, and their
microstructures are investigated at atomic-scale by electron mi-
croscopy. The results showed that the produced BT nanoparti-
cles with spherical morphology and nearly uniform size of
50 nm, remained a metastable cubic perovskite structure at
room temperature. The PX-phase PT nanowires with acicular
morphology tended to grow into a regular structure with par-
allel arrangement along their long axis in the [001] direction.
Their diameter sizes were in the range of 40-60 nm with axial
length up to several micrometers. Such nanowires with high as-
pect ratio of 90, are ideal initial building blocks for constructing
1D ferroelectric nanostructures, due to their special geometry
and anisotropic ferroelectric properties. The forbidden diffrac-
tion indexes in the diffraction patterns of the acicular PT nano-
wires followed with a rule of the sum of diffraction indexes
(h, k, ) with odd number. The SAED patterns revealed that the
superlattice electron diffraction spots had a threefold modulated
periodicity along the [110] direction, whereas a fourfold modu-
lated periodicity in the [001] direction. This result was confirmed
by the HR-TEM images. Six characteristic major Raman bands
centered near 146, 175, 193, 292, 548, and 832 cm ™!, were clearly
observed in the Raman spectrum of the acicular PX-phase
PbTiO; nanowires. Among them, the Raman bands centered
near 146, 193, and 292 cm ™' could be assigned to the E(1LO),
E(2TO), and E+B; phonon modes of the tetragonal PbTiO;,
respectively. However, no phonon modes of tetragonal PbTiO3
could be responsible for the additional three Raman bands
around 175, 548, and 832 cm™!. These Raman bands are pre-
sumed to be resulted from the additional Raman modes of the
PX-phase PbTiO3, because the complex torsional motions of the
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oxygen octahedral are possible in the super unit cell of the PX-
phase PbTiO;, which could lead to additional Raman modes.
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