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ABSTRACT: The aspect ratio of barium titanate (BaTiO3) nanowires is demonstrated
to be successfully controlled by adjusting the temperature of the hydrothermal growth
from 150 to 240 °C, corresponding to aspect ratios from 9.3 to 45.8, respectively.
Polyvinylidene fluoride (PVDF) nanocomposites are formed from the various aspect
ratio nanowires and the relationship between the dielectric constant of the
nanocomposite and the aspect ratio of the fillers is quantified. It was found that the
dielectric constant of the nanocomposite increases with the aspect ratio of the
nanowires. Nanocomposites with 30 vol % BaTiO3 nanowires and an aspect ratio of
45.8 can reach a dielectric constant of 44.3, which is 30.7% higher than samples with an
aspect ratio of 9.3 and 352% larger than the polymer matrix. These results demonstrate
that using high-aspect-ratio nanowires is an effective way to control and improve the
dielectric performance of nanocomposites for future capacitor applications.
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1. INTRODUCTION

High dielectric constant (κ) materials have received increased
interest for various applications including energy storage, high-κ
capacitors, electroactive devices and gate dielectrics.1−3 A high-
κ capacitor is one of the important components developed to
allow further miniaturization of microelectronic components.
Recently, nanocomposites with ferroelectric ceramic in polymer
composites have been demonstrated to be one of promising
material strategies for high-κ capacitors, because they can
combine high dielectric permittivity from the ceramic with
good mechanical strength, flexibility and ease of casting films
from the polymer.4−7 In addition, the dielectric performance of
these composites can be controlled by microstructure and
concentration of the fillers to meet the requirement of the
various applications.7−10

To achieve high-κ nanocomposites, researchers have
developed many approaches to improving the dielectric
permittivity of the nanocomposites. For example, high dielectric
permittivity fillers (PZT, BaTiO3)

7,8 and high dielectric
permittivity polymers such as poly(vinylidene fluoride-co-
trifluoroethylene) (P(VDF-TrFE)), and poly(vinylidene fluo-
ride-trifluoroethylene-chlorofluoroethylene) (P(VDF-TrFE-
CFE)) have been employed to fabricate high-κ nano-
composites.10,11 However, P(VDF-TrFE) and P(VDF-TrFE-
CFE) are costly and form lossy capacitors. Also, a high volume
fraction (>50 vol %) of the filler is necessary to fabricate high-κ
composites. However, this method causes high mass density,
low flexibility, and poor mechanical performance of the
composites.8,12

To overcome these limitations of the nanocomposite,
promising work has recently been conducted based on aspect
ratio (AR) of the fillers. First, many models have shown that
high-aspect-ratio fillers can improve the dielectric constant of

the nanocomposites.13−15 Our previous research has also
demonstrated that high AR NWs can improve the dielectric
constant of the nanocomposites more efficiently as compared
to spherical particles.8,16 This fundamental discovery has led
many researches to follow this route to prepare composites
with improved dielectric permittivity.17−19 However, high AR
fillers still have not been investigated as extensively as spherical
fillers because of challenges in manufacturing NWs, especially
for AR > 15. Here, the relationship between the AR of the filler
and the dielectric constant of the nanocomposites is quantified.
A novel and simple method is reported to tailor the AR of
BaTiO3 NWs with an AR as high as 45.8. The dielectric
constant of the nanocomposites with 30 vol % and an AR of
45.8 NWs can be as high as 44.3, which is 3.5 times larger than
the neat polymer. Therefore, the results and methods presented
here can be widely applied to the manufacture of high-κ
capacitors in the future.

2. EXPERIMENTAL SECTION
2.1. Synthesis of BaTiO3 NWs with Different Aspect Ratio.

The BaTiO3 NWs was synthesized on the basis of a two-step
hydrothermal reaction.16,20,21 The first step in the reaction is to
synthesize sodium titanate (Na2Ti3O7) nanowires with high aspect
ratio, which act as the precursor crystals for the BaTiO3 NWs. First,
1.88 g of titanium dioxide (TiO2) powder (Sigma-Aldrich, ACS
certified, 99%, anatase) is mixed with 91 mL of a NaOH (Fisher, ACS
certified, 99%) aqueous solution (10 M). The mixed solution is then
sealed in a 130 mL Teflon-lined stainless steel autoclave and stirred at
temperatures ranging from 150 to 240 °C for 24 h to obtain Na2Ti3O7
with different aspect ratios. Following this reaction, the resultant
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Na2Ti3O7 NWs were soaked in an aqueous 0.2 M hydrochloric acid
(Fisher, 37%) solution for 4 h to produce hydrogen titanate
(H2Ti3O7) NWs. The H2Ti3O7 NWs were then washed using
repeated centrifugation from DI water with vortex mixing used to
redisperse the NWs between each wash, until the pH reached around 7
with subsequent drying at 60 °C for 12 h.
BaTiO3 NWs were subsequently synthesized through a second

hydrothermal reaction to convert the H2Ti3O7 NWs of varying aspect
ratio using a Ba(OH)2·8H2O (Sigma-Aldrich, ACS certified, 98%)
aqueous solution. First, the obtained NW powder was dispersed in 140
mL of a 0.05 M Ba(OH)2·8H2O solution, using a molar ratio Ba:Ti =
2:1 to fully transfer the H2Ti3O7 NWs to BaTiO3 NWs. The solution
was then sonicated for 5 min and saturated with nitrogen. The final
mixture was transferred into a 200 mL Teflon lined stainless steel
reactor and kept at 210 °C for 85 min. The resulting NWs was briefly
soaked into a 0.2 M HCl aqueous solution and then washed with DI
water and ethanol (Fisher undenatured) to obtain BaTiO3 NWs.
2.2. Preparation of Nanocomposites. To help the BaTiO3 NWs

have a homogeneous dispersion in PVDF matrix, the obtained NWs
were functionalized by ethylenediamine. The functionalization was
carried out by mixing the BaTiO3 powder with ethylenediamine
followed by vortex mixing for 5 min then sonicating for 1 h, following
by heated the solution to 90 °C in a water bath for 1 h. The precipitate
was collected by centrifugation with subsequent drying at 70 °C under
vacuum for 12 h.
The nanocomposite films were prepared by mixing BaTiO3 NWs

into a solution of 7 wt % PVDF in dimethylformamide (DMF) by
sonication for 2 h. The solution was then cast onto a ceramic glass
plate to form thin films at 90 °C in the vacuum oven. To reduce the
thickness and produce smooth void-free films, the films (approx-
imately 40 mm × 20 mm × 0.5 mm) were hot pressed at 170 °C for 1
h to yield a final film with thickness of approximately 0.1 mm. Finally,
gold (approximately 10 nm) was sputtered onto both side of the film
to serve as electrodes for dielectric measurement.
2.3. Characterization. The morphology of the nanowires and

nanocomposites were characterized by scanning electron microscopy
(FE-SEM; 6335F, JEOL). The crystalline structure of the NWs were
determined by an X-ray diffractometer (XRD, CPS, 120) with Cu Kα
source. To characterize the functionalization of the nanowires, Fourier-
transform infrared spectroscopy (FTIR) was performed by a FTIR
spectrometer (6700, Nicolet) with a Smart Orbit ATR accessory. The
film thickness is measured by Mitutoyo Micrometer with 0.001 mm
resolution. The dielectric constant of the nanocomposite films was
calculated from the capacitance measured by an LCR meter (4284A,
Agilent) at 1 kHz at 1 Vrms with a parallel equivalent circuit.8

■ RESULTS AND DISCUSSION

The two-step hydrothermal reaction is employed to achieve a
large-scale and highly efficient synthesis of BaTiO3 NWs. The
first hydrothermal reaction is used to synthesis hydrogen
titanate NWs because of its extensive research history and easily
controlled nanowire morphology.20,22,23 More importantly,
hydrogen titanate is a layered titanate, which is a good
precursor for soft chemical synthesis because of its open
structure fit for ion exchange properties.22,24 To adjust the
aspect ratio of the hydrogen titanate NWs, we changed the
hydrothermal temperature from 150 to 240 °C. Figure 1 shows
the SEM images of the free-standing hydrogen titanate NWs
synthesized at different temperatures. With an increase in
temperature, the length of the NWs is increased much greater
compared to the diameter, resulting in a higher AR. The
structure of the hydrogen titantate (H2Ti3O7) was determined
by XRD as shown in Figure 2.
The BaTiO3 NWs were synthesized from the H2Ti3O7 NWs

by a second hydrothermal reaction in aqueous Ba(OH)2·8H2O
solution. The second hydrothermal process was designed to
transfer the hydrogen titanate to barium titanate and specifically

retain the morphology of the nanowires as shown in Figures 2
and 3. The diffraction pattern (Figure 2) can be assigned to the
BaTiO3 crystal structure (JCPDS, 81−2203) without any

Figure 1. SEM images of hydrogen titanate NWs prepared at different
temperatures: (A) 150, (B) 180, (C) 200, and (D) 240 °C.

Figure 2. XRD patterns of hydrogen titanate (H2Ti3O7) synthesized at
240 °C in the first hydrothermal reaction and corresponding barium
titante (BaTiO3) NWs obtained in the second hydrothermal reaction.

Figure 3. SEM images of BaTiO3 NWs at different temperature: (a)
150, (b) 180, (c) 200, and (d) 240 °C.
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indication of crystalline byproducts such as BaCO3 or TiO2.
Figure 3 shows the free-standing BaTiO3 NWs after second
hydrothermal transformation from the precursor hydrogen
titanate. It is clearly demonstrated that the aspect ratio of
BaTiO3 NWs increases with increasing hydrothermal temper-
ature of the hydrogen titanate. In addition, it should be
mentioned that the morphology of the BaTiO3 highly depend
on the second hydrothermal conditions, such as nature of the
precursors, reaction duration and temperature. Previously, it

has demonstrated various morphology of BaTiO3 are yield at
the second hydrothermal transformation, such as cubic, starfish-
like, and snowflake-like.20 The BaTiO3 NWs are successfully
prepared here by employing high transformation temperature
and short reaction time. The length and diameter of the
BaTiO3 wire were analyzed using SEM images through ImageJ
software as shown in Figure 4. It clearly shows that with an
increase in temperature, the length of the NWs is increased
much greater compared to the diameter, resulting in a higher

Figure 4. BaTiO3 particle size distribution dependent on the hydrothermal temperature: (a) 150, (b) 180, (c) 200, and (d) 240 °C.
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AR. The aspect ratio distribution of BaTiO3 NWs calculated
from Figure 4 is summarized in Figure 5. It clearly shows that

the aspect ratio of the BaTiO3 NWs highly depend on the
hydrothermal temperature. The aspect ratio is increased with
increasing temperature from 9.5 to 45.8 corresponding to 150
and 240 °C, respectively.
To increase compatibility and improve dispersion of the

fillers in the matrix, the BaTiO3 NWs were surface function-
alized by ethylenediamine. The modified BaTiO3 powder was
subsequent dried at 70 °C under vacuum for 12 h in the
experiment. Therefore, the simple adsorption of the molecule
will be removed at 70 °C under vacuum for 12 h due to the
evaporation of ehylenediamine residue. The surfaces of BaTiO3
NWs before and after the modification with ethylenediamine
were characterized by FTIR as shown in Figure 6a. It can be
observed the binding of amine groups around 1450 cm−1,25

which can be acted as a bridge to bind BaTiO3 with the PVDF
matrix as shown in the inset of Figure 6a. Figure 6b shows the
top surface of the nanocomposite with 10 vol % BaTiO3 NWs.
It indicates that the functionalized fillers with amine groups
have been homogeneously dispersed in the PVDF matrix
without voids in the film.26

The dielectric constant of the nanocomposites was measured
with an Agilent 4980A LCR meter at a frequency of 1 kHz. The

dependency of the nanocomposite dielectric constant on the
concentration and aspect ratio of the fillers is shown in Figure
7. The dielectric constant of the nanocomposites increases with
increasing volume fraction of the fillers due to the higher
dielectric permittivity of BaTiO3 as compared with the neat
PVDF polymer (9.8 at 1 kHz). It is clearly demonstrated that
the dielectric constant of the nanocomposite can be
significantly improved by increasing the aspect ratio of
BaTiO3 NWs, while the loss tangent shows little variation
with value around 0.04 at 1 kHz under different of aspect ratio
and volume fraction of BaTiO3 NWs. The loss tangent of
PVDF matrix is around 0.06 at 1 kHz, which indicates that
incorporation of BaTiO3 NWs decrease the loss tangent of the
film. It should be noted that the dielectric constant of the
nanocomposite with 30 vol % BaTiO3 NWs (aspect ratio 45.8)
can reach a dielectric constant as high as 44.3, which is 30.7%
higher than samples with a low aspect ratio (9.3) and 352%
larger than the polymer matrix. This technique efficiently
improves the dielectric property of the nanocomposites without
the need for additional fillers.
This study has determined the relation between the aspect

ratio of fillers and dielectric constant of the nanocomposites. It
shows that the dielectric constant of the nanocomposites can be
improved by higher aspect ratio fillers. This finding as well as
the previous research demonstrates that the aspect ratio plays a
critical role in defining the dielectric constant of the
nanocomposites compared to the size effect.8 There are many
theoretical models that have shown the improved dielectric
constant by using high aspect ratio fillers.13−15,27 For example,
the aspect ratio effect can be described by the Maxwell−Garnet
model15,27
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where Ni is known as the depolarization factor of ellipsoids in
the x, y, z direction. For the NWs morphology in the
experiment, where the radii ax > ay = az, Ni can be expressed as
following
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Figure 5. Aspect ratio of BaTiO3 NWs dependent on the
hydrothermal reaction temperature.

Figure 6. (a) FTIR spectra of BaTiO3 NWs and modified BaTiO3 NWs by ethylenediamine. (b) SEM topography of the nanocomposites with 10%
BaTiO3 NWs.
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The Maxwell−Garnet model demonstrates that the dielectric
permittivity of composite is improved by high aspect ratio
filler.18,27 Andrews et al. also developed finite element and
micromechanics models to investigate the effect of aspect ratio
on the dielectric performance of the composites, and it is
demonstrated that the higher aspect ratio NWs will improve the
dielectric permittivity of the nanocomposites.13 The benefits of
using high aspect ratio fillers can be also explained through the
following aspects. First, the high-aspect-ratio fillers reach the
percolation threshold easier than the low aspect ratio
nanowires, which allows connectivity or continuous passage
in the system and improves the dielectric properties of the
nanocomposites.28,29 Additionally, the high-aspect-ratio nano-
wires can improve the dielectric constant of the composites due
to the large dipole moment.30 Finally, Brunauer−Emmer−
Teller (BET) surface area analysis has also demonstrated that
the high-aspect-ratio fillers have lower surface area than low
aspect ratio fillers, which helps reduce the surface energy, thus
preventing agglomeration in the nanocomposites. All these
aspects work to make high-aspect-ratio nanowires more
effective in enhancing the dielectric constant of the nano-
composites.

3. CONCLUSION

In summary, we have reported a novel and simple method to
control the aspect ratio of BaTiO3 NWs by changing the
hydrothermal reaction temperature. The aspect ratio of the
nanowires can reach as high as 45.8. The relationship between
the dielectric constant of the nanocomposites and the aspect
ratio fillers is the first time to be quantified with focusing on
high aspect ratio. It is demonstrated that the dielectric constant
of the nanocomposite can be highly efficiently improved by the
high aspect ratio of the fillers without additional fillers or defect
incorporation into the nanocomposites. This study can
potentially be used to develop high-κ nanocomposites for
various electric applications.
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