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In this paper, the 0.5Ba(Zr,Tigg)03-0.5(Bag;Cag3)TiO3 nanofibers (BZT-BCT NFs) with high aspect ratio
were synthesized by electrospinning technique, and the PVDF-based composites filled with the BT NPs
or BZT-BCT NFs were fabricated. Obviously, compared to the BT NPs/PVDF composite, the dielectric prop-
erties of BZT-BCT NFs/PVDF composites are improved at given volume fraction. The electric modulus for-
malism indicated that the BZT-BCT NFs could effectively enhance the interfacial polarization of the BZT-
BCT NFs/PVDF composites than that of the BT NPs/PVDF composite. In addition, the BZT-BCT NFs with

gg{v V(';‘;‘:S: large aspect ratio can make the composites polarize at a higher field strength, thus the composites obtain
Nanocomposites higher polarization strength. The energy density of 3 vol% BZT-BCT NFs/PVDF composite is 3.08 J/cm® at
Interfaces 240 kV/mm, which is 2.01 times higher enhancement than the BT NPs/PVDF composite (1.53 J/cm® at

180 kV/mm). These results also provide a simple but effective method to achieve the materials with high
capacitance for energy storage.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license (http://
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creativecommons.org/licenses/by/4.0/).

Introduction

Polymer matrix composites as a kind of flexible functional
materials have potential prospects in the field of electronic devices.
Owing to the rapid development of the electronics industry, new
requirements are presented for the materials [1-8]. Considering
the energy storage scope, energy density (U.) of a material can
be calculated by U = [EdD, where E is the electric field and D is
the electric displacement (D = go€,E) [9]. According to the above
formula, the energy density of material is related to the breakdown
strength and dielectric permittivity [10]. The polymer has high
breakdown strength and excellent flexibility, but its dielectric
properties are not so well (¢ < 10) [11,12]. Therefore, the polymer
matrix composites with adding inorganic filler is the focus of
energy storage applications.

Ceramic materials are widely used in energy storage composites
because of their high dielectric permittivity. BaTiO3 (BT), CaCusTig4-
01> (CCTO), BageSro4TiO3 (BST) and other ferroelectric ceramics
particles are added to polymer matrix, and the composites possess
excellent dielectric properties [13-21]. Yang et al. [14] studied the
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nano- and micron- sized CCTO doped in poly(vinylidene fluoride)
(PVDF) and found that when the content of nano-CCTO filler
reached to 40 vol%, the dielectric constant was over 106 at 100
Hz, which was higher than that of the micron-CCTO (&=35.7).
Moreover, the dielectric loss values of the two samples were 50
and 0.13, respectively. Fu et al. [15] studied the size dependent
polarization and surface modification of BT particle and obtained
high performance BT/PVDF composites. The results revealed that
600 nm sized BT particles possessed the strong polarization. The
composites with 40 vol% BT loading exhibited the largest dielectric
constant (65, 25°C, 1kHz) and the energy density with 60 vol%
was 45.8 x 1073 J/cm? at 10 kV/mm.

Although high dielectric permittivity is obtained by adding
ceramic particles, the high content may cause damage to the
breakdown strength and lose their flexibility and uniformity [14-
18]. Therefore, ceramic particles are not the best choice to improve
the energy storage of polymer matrix composites. Recently, more
and more reports about that different morphologies and structures
of the filling phase are introduced to further improve the proper-
ties of the composites. Lou et al. [19] designed the structure and
preparation method of the 3D-BaTiOs;/epoxy composites, and suc-
cessfully constructed the three-dimensional high dielectric net-
work in the polymer system. The results show that the dielectric
constant of the 3D-BaTiOs/epoxy composites was 200 and the
energy storage density is greatly improved when the filler content
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is only 30 vol%. Tang et al. [20] successfully obtained the BT nano-
wires and adding them to the P(VDF-TrFE-CFE) matrix. The study
found that the BT nanowires with high aspect ratio showed better
performance than low aspect ratio. The energy density of the P
(VDE-TrFE-CFE) composites reached to 10.48 J/cm® at 300 MV/m
when the BT nanowires are 17.5 vol%. Similarly, Liu et al. [21] pre-
pared BST60ONF/PVDF with a large aspect ratio via electrospinning
and employing surface hydroxylated. The nanocomposites exhib-
ited excellent properties and their dielectric constant reached up
to 25 at 10 vol% BST60 NF. The maximal energy storage density
of nanocomposites with 2.5 vol% BST60 NF was 6.4 J/cm> and the
efficiency still was higher than 50% at an electric field of 3800
kV/cm. As mentioned in the report, in addition to the design of
the composites structure, an important way to improve the prop-
erties of the composites is to obtain ceramic nanofibers with large
aspect ratio.

Meanwhile, according to previous contributes, there are some
modifiers acting as the shell layer to enhanced the interface com-
patibility and to increase the insulation of inorganic fillers. For
instance, Pan et al. used the PATP as the shell layer to increase
the insulation of BCZT NF, which could effectively restrict the car-
rier migration in the composite [2]. Meanwhile, Chi et al. also
induced the PDA as modifier to improve the dispersibility of fillers
in the PVDF matrix and to alleviate the dielectric difference
between fillers and matrix [6]. Yang et al. produced the core-shell
structure BT-PDA-Ag by dopamine modification to improve the
interface compatibility and to enhance the breakdown strength
of dielectric composite [22]. Based on above mentioned literatures,
we also used the PDA as surface modification for fillers.

The 0.5Ba(Zrg,Tipg)03-0.5(Bag;Cag3)Ti03 ceramic (BZT-BCT)
exhibits a very high piezoelectric coefficient of 620 pC/N in its mor-
photropic phase boundary, and the dielectric constant of BZT-BCT
was found to be 3370 at room temperature at 1 kHz frequency
[23-26]. In this paper, BZT-BCT nanofibers with large aspect ratio
were synthesized by electrospinning technique and uniformly dis-
persed in the PVDF matrix. The BZT-BCT NFs/PVDF has superior
performance compared to BT NPs/PVDF. Therefore, it is believed
that the BZT-BCT introduced into the polymer matrix can greatly
improve the dielectric properties and energy storage properties
of polymer matrix composites.

Materials and methods

The BZT-BCT NFs were prepared via electrospinning technique.
All the solvents and raw materials (if there was no special state-
ment, all the materials were supplied by Sinopharm Chemical
Reagent Co., China) are analytically pure and without any further
purification. Firstly, the 3.80 ml of ethanol, 9.05 ml of acetic acid
and 1.54 ml of acetylacetonate were added in a 25 ml erlenmeyer
flask and mixed. Then, barium hydroxide (Ba(OH),-8H,0, 2.172
g), calcium hydroxide (Ca(OH),, 0.090 g) and zirconium acetylace-
tonate (CyoHo5ZrOg, 0.394 g) were sequentially added to the above
solution in sequence with vigorous stirring. 2.48 ml of tetrabutyl
titanate was added to the mixed solution under vigorous stirring
for 30 min to form stable and uniform electrospinning precursor
sol. Subsequently, polyvinylpyrrolidone (PVP, M, = 1,300,000,
Aladdin) was used to adjust the viscosity of the sol to a proper
value before transferring the sol into a syringe. Then, the precursor
was electrospun into nanofibers under a high voltage of 30 kV with
a propulsion rate of 0.1 ml/min. The distance between the needle
tip and the collector was about 25 cm, and the temperature and
humidity were about 20 °C and 30%, respectively. Finally, BZT-
BCT NFs were obtained by calcinated the as-electrospun fiber in
a muffle furnace at 700 °C for 3 h.

Before preparing the composites, the 1 g BZT-BCT NFs were dis-
persed in the Tris-HCl aqueous solution (2 mg/mL, pH = 8.5, Alad-
din) followed by sonication for 30 min; then 0.2 g PDA (Aladdin)
was added and stirred vigorously at room temperature for 12 h.
The nanofibers were then extracted from the solution with cen-
trifugation and washed alternately with deionized water and etha-
nol for three times. Finally, the nanofibers were dried at 80 °C for
12 h. For the preparation of nanocomposite films, the BZT-BCT
NFs and PVDF (Shanghai 3F New Material Co., Ltd., China) were dis-
solved into N, N-dimethylformamide (DMF) and stirred for 24 h at
room temperature for the homogeneous mixing. Upon completion,
the mixture was casted onto a clean glass plate and the films were
dried at 60 °C for 12 h. Finally, the BZT-BCT NFs/PVDF composite
films were obtained with the thickness of about 25 pum. For com-
parison, we choose the barium titanate (BT) nanoparticles (200
nm, Shandong Sinocera Functional Material Co., Ltd., China.) as
the filler to prepare the BT NPs/PVDF composite films in the same
procedure.

X-ray diffraction (XRD, Empyrean) was carried out to investi-
gate the crystal structure of the samples using Cu Ko radiation
(r=1.5418 A) at 40 kV and 40 mA. The microstructure of the BT
nanoparticles, BZT-BCT nanofibers and PVDF-based composite
films were determined using scanning electron microscopy (SEM,
Hitachi S-3400N). The dielectric properties of the PVDF-based com-
posites were determined in the frequency range of 0.1 Hz to 1 MHz
at room temperature using a broadband dielectric spectral instru-
ment (Novocontrol Alpha-A). Prior to performing dielectric mea-
surements, a layer of Al paste (diameter 25 mm) was evaporated
on both surfaces to serve as electrodes. Energy storage density of
the composites was measured by a Precision Premier ferroelectric
polarization tester (Radiant, Inc.) at room temperature and 10 Hz
using the same samples prepared for dielectric properties testing.

Results and discussion

XRD patterns of BT NPs and BZT-BCT NFs are given in
Fig. 1a and b, respectively. Compared to the pure BT NPs, it was
shown that the characteristic diffraction peaks of BZT-BCT appear
at 26 =22°, 31°, 39°, 45°, and 56°, corresponding to (100), (11
0), (111), (200), and (21 1), respectively. The characteristic
diffraction peaks were assigned to BZT-BCT with a pseudo-cubic
structure. No visible signal of the presence of secondary phases
was observed. The morphologies of the BT NPs and BZT-BCT NFs
were directly illustrated by SEM images, as shown in the inset of
Fig. 1(a1 and b1). The BT NPs consisted of spherical particles with
the grain size of about 200 nm. By contrast, the SEM image
revealed that the BZT-BCT NFs had the large aspect ratio and favor-
able dispersibility, for instance, diameters of 250 nm-300 nm and
lengths of 2 pm-3.5 pm.

Next, the PVDF-based composite films filled with the BT NPs
and BZT-BCT NFs were prepared, and the XRD patterns of BT
NPs/PVDF and BZT-BCT NFs/PVDF composite films were presented
in Fig. 2. For the all composites, the XRD pattern of pure PVDF
appeared at about 20 =17.76°, 19.81° [27], When the fillers were
incorporated into PVDF matrix, the peaks of PVDF showed an evi-
dent reduction in intensity. With the fraction of fillers increasing,
the peaks of PVDF reduced gradually, while those of BT NPs and
BZT-BCT NFs became sharper and stronger. The main reason was
that, by adding the ceramic filler, the orderly arrangement of the
molecular structure of the PVDF was destroyed, reducing the
arrangement density of molecular chain. The XRD patterns of the
composites showed BT, BZT-BCT, and PVDF diffraction peaks,
which clearly demonstrated that the BT NPs and BZT-BCT NFs filled
in the polymer matrix and without other impurities.
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Fig. 2. XRD patterns of BT NPs/PVDF and PVDF/BZT-BCT NFs composites.

The cross-sectional SEM images of 3 vol% BT NPs/PVDF, 7 vol%
BT NPs/PVDF, 3 vol% BZT-BCT NFs/PVDF and 7 vol% BZT-BCT NFs/
PVDF composite films are shown in Fig. 3a-d, respectively. It can
be observed that all the BT NPs and BZT-BCT NFs exhibit good com-
patibility and dispersibility in the PVDF matrix without obvious
agglomeration. This can be attributed to that the fact that the fillers
were surface modified by dopamine and therefore forming a strong
adhesive bonding force with the polymer matrix. In addition, as
shown in Fig. 3d, the BZT-BCT NFs are randomly homogeneously
dispersed and tend to be oriented in the in-plane direction in the
nanocomposites and remain in high aspect ratio [28].

For comparison, the dependence of the dielectric constant,
dielectric loss tangent and conductivity of nanocomposite films
with different contents of the BT NPs and BZT-BCT NFs were mea-
sured, as displayed in Fig. 4. It is noteworthy that the dielectric
constant of the composite films increases monotonously with
increasing of the filler content, especially in frequency range of
0.1-100 Hz. Besides, the dielectric constant of the BT NPs/PVDF
composite films is inferior to those of BZT-BCT NFs/PVDF compos-
ite films at the same filler loading, which clearly demonstrated that
the addition of BZT-BCT NFs can significantly improve the dielec-
tric constant of the composites. In particular, the dielectric con-
stant of the 7 vol% BZT-BCT NFs/PVDF composite films is about
78.46 at 0.1 Hz, which is 2.3 times higher than that (34.06) of com-
posites filled by BT NPs. This feature possibly results from the
stronger interfacial polarization existing in the BZT-BCT NFs/PVDF
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XRD patterns of the (a) BT NPs and (b) BZT-BCT NFs. The inset of the (a) and (b) show the SEM image of the BT NPs and BZT-BCT NFs, respectively.

composite films, and the interfacial polarization on the dielectric
constant decreases with the increasing frequency [29-31].

The dielectric loss tangent measured at a given frequency
including polarization loss and conduction loss. Fig. 4b displayed
the dependence of dielectric loss tangent as function of frequency
for BT NPs/PVDF and BZT-BZT NFs/PVDF composites with different
filler contents. It can be found that the loss tangent of the compos-
ite films decreased at the low frequency and then increased with
the further increasing of frequency. It showed the relaxation prop-
erties of the dielectric materials, including the Maxwell-Wagner
(M-W) relaxation and o relaxation of PVDF at low and high fre-
quencies, respectively [32-34]. Besides, for the BZT-BZT NFs/PVDF
composites, the decreasing trend of the dielectric loss tangent was
larger than that of BT NPs/PVDF composites at low frequency. It is
generally believed that the interfacial polarization and conductiv-
ity are contributed significantly to the dielectric response at low
frequency, and the interfacial polarization in the BZT-BZT NFs/
PVDF composites should be much stronger than those in BT NPs/
PVDF composites.

To make a thorough inquiry about the insulation properties of
composite materials, the conductivities of the BT NPs/PVDF and
BZT-BZT NFs/PVDF composites are given in Fig. 4c. It can be found
that the conductivity of the all composites is strongly dependent
on the frequency, which indicates that the composite films show
good insulation properties. In addition, the conductivity of the
composites increases with the increase of the filler content in the
whole frequency range. The conductivity of 7 vol% BZT-BCT NFs/
PVDF composite is 4.6053 x 10~'2 S/cm at 0.1 Hz, which is much
greater than that of 7 vol% BT NPs/PVDF composites (1.7508 x
107'2S/cm). This may be due to the shaper and the high aspect
ratio of BZT-BCT NFs, which make the NFs easier to reach the per-
colation threshold value than that of NPs in the PVDF matrix [18].

More detailed information can be obtained about the influence
of the BT NPs and the BZT-BCT NFs on the interfacial polarization
between the polymer matrix and fillers. To clarify the mechanism
of the dielectric behaviors of the BT NPs/PVDF and BZT-BCT NFs/
PVDF composites, an electric modulus formalism based analysis
of the dielectric relaxation in the composites has been proposed.
Complex dielectric modulus formalism M* is demonstrated as fol-
lows [35-37]:

1 1
8*

8/ 8//

* _ ; _
M = &2 + g1 +J &2 + g7 -

= M’ +jM"
o — j I

(1)

where M” is the imaginary part of the electric modulus. The imagi-
nary part M” of the electric modulus takes the form of loss curves,
allowing us to interpret the relaxation phenomena. Because the
relaxation time of interfacial polarization is considerably long, the
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Fig. 4. Dependence of the (a) dielectric constant, (b) dielectric loss tangent, (c) conductivity of BT NPs/PVDF and BZT-BCT NFs/PVDF composites with different filler contents

on the frequency at room temperature.

peak of M” at lower frequency represents the interfacial polariza-
tion. Fig. 5 displays the frequency-dependence M” of the BT NPs/
PVDF and BZT-BCT NFs/PVDF composites with different filler con-
tents. For the BT NPs/PVDF composites, we can see that the relax-
ation strength decreases with the increase of the BT NPs, whereas
the relaxation peak frequency and relaxation range almost do not
have change, indicating that the interfacial polarization only
appears at low frequencies in BT NPs/PVDF composites. For the
BZT-BCT NFs/PVDF composites, it can be obviously observed that
the interfacial polarization relaxation peaks become broader and
shift to high frequency with the increase of filler loading, indicating
that the incorporation of BZT-BCT NFs increases the interfacial
polarization in the composites. It should be noted that a few voids
would be formed when the decomposition and carbonization of
organic precursors in the as-spun nanofibers during the heat treat-
ment, and these voids will be remained during the grains growth of
the BZT-BCT NFs. These voids can generate charge carriers, which
significantly improve the space charge accumulation in the polymer
matrix [37-39].

One of the important applications of the high dielectric constant
composites is the energy storage devices. The energy storage den-
sities of the BT NPs/PVDF and BZT-BCT NFs/PVDF composite films
with different filler contents are shown in Fig. 6. Clearly, the energy
density increases with the increasing content of fillers under the
same electric field. This is mainly ascribed to the large dielectric
constant of the fillers that has large electric displacement. Com-
pared to BT NPs/PVDF composites, a higher energy density of the
BZT-BCT NFs/PVDF composites can be achieved at the same condi-
tion. The composites with NFs may have a higher breakdown elec-
tric field compared to the composites with NPs, which could be
explained by the following three reasons. The first is that the NFs
can be uniformly dispersed in the PVDF matrix to reduce the per-
colative pathways for the charge transfer and to suppress the
mobility of the polymer chains. The second one is the NFs in the
matrix could restrain the growth of electrical treeing by bringing
up twisted pathways for treeing, which act as scattering centers
for the charge carriers within the composites. The high electric
field composites may be polarized at the higher field, which illus-
trates that the composites can obtain higher polarization at high
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Fig. 5. Frequency-dependence of the imaginary part of the electric modulus for BT
NPs/PVDF and BZT-BCT NFs/PVDF composites with different filler contents on the
frequency at room temperature.

field. Based on this, the energy storage density of the nanocompos-
ite with the 3 vol% BZT-BCT NFs is up to 3.08 J/cm? at an electric
field of 240 kV/mm, about 201% higher than that with BT NPs at
an electric field of 180 kV/mm (Fig. 6(a)). Noted that the energy
storage density of composites is also enhanced with the increasing
content of filler. However, due to the high content of the filler in
the composites, there are some defects and voids in the composite
films. And the high dielectric constant fillers distort the distribu-
tion of the electric filed, resulting in the significant decrease of
the breakdown strength of the composites [30].

In practical application, apart from higher energy storage den-
sity values, larger energy-storage efficiency is also desired. As plot-
ted in Fig. 6, the n of composite decreases with the increasing filler
contents at the same electric field, which may be due to the
enhanced ferroelectric loss and conduction loss. Compared to the
BT NPs/PVDF composites, the BZT-BCT NFs/PVDF composites have
a better efficiency at the same electric field. At an electric field of
180 kV/mm, the energy efficiency for the nanocomposites with 3
vol% BZT-BCT NFs and BT NPs is 69% and 67.1%, respectively. It is
clearly indicated that the nanocomposites with the BZT-BCT NFs
exhibit much higher discharged energy-storage density and show
much higher energy efficiency in comparison with nanocomposite
with the BT NPs.
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Conclusion

In summary, the BZT-BCT NFs were synthesized by electrospin-
ning technique, and the PVDF-based composites filled by the BT
NPs or BZT-BCT NFs were fabricated. The XRD and SEM images pro-
vided the evidence that the BZT-BCT NFs had a pseudo-cubic struc-
ture and a high aspect ratio. The dielectric constant of the BZT-BCT
NFs/PVDF composite was obviously larger than that of BT NPs/
PVDF composite. The electric modulus formalism indicated that
the BZT-BCT NFs could effectively enhance the interfacial polariza-
tion of the BZT-BCT NFs/PVDF composites than that of BT NPs/
PVDF composite. In addition, the BZT-BCT NFs with large aspect
ratio could make the composites polarize at a higher field strength,
thus the composites obtained a higher polarization strength. The
energy density of 3 vol% BZT-BCT NFs/PVDF composites is 3.08 ]/
cm® at 240 kV/mm, and the efficiency is also kept at 60.56%. These
results also provide a simple but effective method to achieve the
materials with high capacitance for energy storage.
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