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Recently, quasi one-dimensional (1D) solid nanostruc-
tures (nanowires or nanorods) have attracted considerable
interest due to their significance in energy sources and
optical-electric applications. Compared with micrometer-
diameter whiskers and fibers, these nanostructure ma-
terials showed remarkable optical, electrical, magnetic,
and mechanical properties [1-4]. Among them, BaTiO;
nanoscale materials have been considered as very im-
portant ferroelectric materials with potential applications
in photoelectric devices, multiplayer ceramic capacitors,
auto thermostat meters, etc. [5, 6]. To date, although meth-
ods have been developed to synthesize BaTiO3 nanoparti-
cles, little has been reported on the preparation of BaTiO3
nanorods.

The coating technique is widely used to modify the
performance of materials. By this technique, Polyaniline
(PAn)-BaTiO; nanocomposites are prepared, with PAn
as the core and BaTiOs3 as the shell. At the heat-treated
process of PAn-BaTiO3; nanocomposite, not only BaTiO3
nanoparticles, but also BaTiO; nanorods are produced
in the final product simultaneously. With the exception
of the BaTiO3 nanoparticles, more investigations were
performed to identify the formation of BaTiO3 nanorods.

In the experiment, polyaniline was prepared by chem-
ical oxidation of aniline with ammonium peroxydisulfate
according to [5]. Precursor solutions for BaTiO3 shell
layers were prepared by a sol-gel method. The coatings
were processed through the existence of PAn particles by
the dip-coating method. The details of the synthesizing
process using the sol-gel method can be found in our ear-
lier work [6]. In the experiment, the concentration of the
alkoxide in ethanol was 0.5 M; the molar ratio of water,
barium ion and diethanolamine to the alkoxide were 1, 1
and 2, respectively. The BaTiO3 gel-coated PAn particles
were filtered and dried at 100 °C for 24 h in a vacuum
oven and then treated at 1000 °C for 4 h and slowly cooled
down to room temperature. The prepared products were
collected and kept in a cabinet dryer.
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The crystal phase and surface chemistry of the prepared
products were analyzed by X-ray powder diffraction
(XRD), employing a scanning rate of 0.02°/s in a 20
range from 10 to 60° (Model Japan Rigaku D/max-y A
K, Cu-target, A = 0.1541 nm) and X-ray photoelectron
spectrometer (XPS) (Model KRATOS XSAMSO00,
Mg-target). The binding energies obtained in the XPS
analysis were standardized for specimens charging using
Cls as the reference at 284.6 eV. The morphologies,
dimensions, and microstructural characterizations were
observed by transmission electron microscopy (TEM,
JEM JEOL-2010) and high-resolution transmission
electron microscopy (HRTEM, JEOL-2010 FEF), re-
spectively. The formation mechanisms were analyzed by
means of the thermogravimetric(TG) and direct pyrolysis
chemical ionization mass spectrometry (DPMS), with
analysis results deriving from the pure PAn.

Fig. 1 shows the X-ray diffraction pattern of our prod-
ucts, with diffraction peaks similar to those of BaTiO;
bulk crystal. Thus, its diffraction peaks can be indexed as
the cubic perovskite structure. BaTiO3 and diffraction data

=]
=
=
=
)
St — —
el = = a
8 =]
Z =
= 2
LNWJ A
10.00 20.00 30.00 40,00 50.00 60.00

26 (degree)

Figure 1 A typical XRD pattern of the as-synthesized products.
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Figure 2 XPS analysis of the as-synthesized products.

were compatible with the JCPDS card of No. 5-626, with-
out any impurities, indicating that the as-prepared product
is single phase BaTiOs. Fig. 2 exhibits the XPS pattern
of the prepared products, where the peaks at 530.1, 457.9
and 778.6 eV correspond to the binding energy of Ols,
Ti2p, and Ba3d, respectively. No other impurity peaks
were observed. XRD and XPS analyses identified a high
purity of BaTiO; crystal within the limits of instrumental
erTor.

Furthermore, Fig. 3a, a typical TEM photograph
of BaTiOz nanorods, shows that the diameter and
the length of BaTiO3; nanorods are approximately
20-40 nm and 200 nm-5 pm respectively. Fig. 4a is
an HRTEM image of a BaTiO3; nanorod with transverse
diameter of about 40 £ 0.2 nm. Its lattice fringe im-
age is showed in Fig. 4b, clearly revealing that only the
fringes of (2 0 0) planes with a interplanar spacing of
about 0.198 nm can be found, indicating that the sin-
gle BaTiO3 nanorod is single crystalline in nature. Single
crystal growth can be ascertained by several ways: The
most common way is by introduction of a seed crystal.
The other method of single crystal growth may be ob-
tained by starting the crystallization either from a cap-
illary, a pointed vessel, or a ball-shaped tip which is
constricted to a narrow neck before widening to the full
diameter [7, 8].

Without the presence of PAn in the original particle,
the other conditions were the same as described above, the
final BaTiO3 grains were planar polygon or near spherical
with a diameter of about 25 nm as revealed by Fig. 3b. We
suggest that the PAn, a core material in the experiment,
must have played an important role to determining the
formation of nanorods.
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Figure 3 The TEM image of (a) BaTiO3 nanorods, the inset picture is
the electron diffraction pattern from BaTiO3 nanorods and (b) BaTiO3
nanoparticles.



Figure 4 The HRTEM images of BaTiO3 nanorod. (a) at rather low mag-
nification. (b) at rather high magnification.

Pradhan et al. once pointed out [9, 10] that a reducing
environment may enhance the 1D nanostructure growth.
From the TG and DPMS analysis results coming from
pure PAn [11-14], we know that the degradation pro-
cess of PAn consists of two or three steps which are
attributed to the evolution of water loss of dopants and
eventual breakdown of the polymer backbone at about
600 °C. During the process of the polymer backbone
breakdown, the BaTiOj3 crystallizes and the PAn under-
goes a radical decomposition and finally pyrolyzes into
linear oligomers of aniline (An). The linear oligomers
of An are apt to be volatile and form a reducing en-
vironment. The coated particles may take the following

reactions:

PAn — BaTiO3(powders)
— n(An — An)(vapor) + BaTiOs(solids) (1)

From the above reaction, we speculate that BaTiO;
nanorods growth may be attributed to the reducing envi-
ronment coming from the pyrolysis of PAn-BaTiO3 par-
ticles. The detailed formation process may be as follows:
Firstly, BaTiO3 particles begin to crystallize at 400 °C
and crystallize completely at about 900 °C [15, 16]. At
1000 °C, the size of the BaTiOj3 crystal is about 25 nm
(Fig. 3b). Secondly, BaTiO; particles grow along one di-
rection and gradually form nanorods due to the reduc-
ing environment coming from reaction (1). The yield of
BaTiO3 nanorods gradually increases with time. Finally,
the growth of BaTiO; nanorods gradually stops as the
temperature decreases. Concentrations of reduced gases
gradually decrease due to the following reaction:

n(An — An)(vapor) ' n(An — An)(liquid)  (2)

In conclusion, stable core-shell particles consisting of
a polyaniline core and a barium titanate shell can form
nanorods at suitable temperature conditions. The diameter
and the length of the BaTiOs; nanorods are 20-40 nm
and 200 nm-5 pm, respectively in the experiment; the
formation of BaTiO3; nanorods is most likely controlled
by the reducing environment coming from the pyrolysis
of PAn-BaTiOj; particles.
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