Open Access Article. Published on 16 January 2017. Downloaded on 7/15/2025 1:20:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue,

CrossMark
& click for updates

Cite this: RSC Adv., 2017, 7, 3949

Received 14th November 2016
Accepted 21st December 2016

DOI: 10.1039/c6ra26772f

F-TiO,/P(VDF-HFP) hybrid films with enhanced
dielectric permittivity and low dielectric loss+t

Enjie Yu, Qilong Zhang,* Nuoxin Xu and Hui Yang

In this study, self-assembly flower-like TiO, (F-TiO;) particles with an average diameter of 400 nm are
synthesized via a facile one-pot solvothermal method. P(VDF-HFP)-based composites with F-TiO,
particles of different volume ratio as fillers are prepared. Microstructure and thermal analyses confirm
that F-TiO, does not change the crystallization process of the polymer matrix, but disrupts the
crystallization degree of P(VDF-HFP). Dielectric properties measured at various frequencies and
temperatures indicate that the addition of the F-TiO, fillers enhances the dielectric constant of the
composites, while the dielectric loss and electric conductivity do not significantly increase. The dielectric
permittivity of the polymer nanocomposites is enhanced by 200% over that of the P(VDF-HFP) matrix at
a filler content of 20 vol% while maintaining a rather low dielectric loss (0.043 at 1 kHz). Especially, the
F-TiO,/P(VDF-HFP) composites exhibit low electric conductivity (=107 S cm™) at low frequencies. All
the improved performances suggest an easy method to fabricate nanocomposites having potential

www.rsc.org/advances electrical applications.

Introduction

Energy storage plays an important role in the field of mobile
electronic devices, hybrid cars, and electric pulse equipment.*?
Capacitors are one of the vital energy storage devices used in
the modern electrical and electronics industry, whose advan-
tages are fast charge/discharge speed, anti-aging cycle, stable
performance, and so on. A capacitor stores energy through
enriching the charge field between two plates, without
substance diffusion. Capacitor dielectric material can be
divided into two categories: ceramics and polymers. Common
ceramic materials, such as barium titanate (BaTiO;), have
a high dielectric constant, but low breakdown strength, high
sintering temperature, brittleness, and high density. While
polymers such as polyethylene and epoxy resin have high
breakdown strength, flexibility and low density, but the low
dielectric constant limits their energy density.®> Polymer—
ceramic nanocomposites can combine the desirable properties
of both polymers and ceramics to afford an excellent dielectric
performance.*® Through certain methods, required composites
can be designed and prepared to adapt to various kinds of
demands, such as flexible and light capacitors for wearable
devices.

Ferroelectric or relaxor ferroelectric ceramic particles are
generally used as fillers in polymer composites due to their high
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dielectric constants.®® However, these traditional giant
dielectric materials always lead to reduction of energy storage
efficiency, because of the large remnant polarization and high
coercive electric field. In addition, the huge contrast in dielec-
tric constants between the filler and the matrix may cause
inhomogeneity of the electric fields and deterioration of the
bulk dielectric properties finally."*** Hence, nonferroelectric
materials with moderate dielectric constants, such as TiO,,
Al,O; and ZrO,, have been noted and investigated recently.***®
However, the dielectric permittivity of nonferroelectric-filled
composites is usually lower than that of their ferroelectric-
filled counterparts. The morphology of fillers also plays a vital
part in the dielectric properties of the composites according to
new studies.' Wu et al. utilized three-dimensional zinc oxide
(znO) superstructures as fillers in the fabrication of inorganic-
polymer composites. The result indicated the flower-like and
walnut-like ZnO particles could significantly improve the
dielectric constants of the polymer composites; however, the
dielectric loss of nanocomposites increases drastically to 0.8 at
1 kHz.** Some researchers improved the BaTiOj; filler in the
polymer matrix through coating hydantoin epoxy resin*' or
embedding in TiO, fibers.”> To improve breakdown strength
and energy density, Wang et al. designed sandwich-structured
dielectric nanocomposites to block the growth of electrical
trees effectively.*® In our previous study,* flower-like TiO,
structure with an average diameter of ~2.2 pm was prepared via
a solvothermal process. And the flower-like TiO, structure,
which is self-assembled by numerous nanopetals, was incor-
porated into a P(VDF-HFP) polymer matrix. Similarly, the
prepared films showed enhanced dielectric constant, but the
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dielectric loss of the composites is up to 1.05, with 20 vol% F-
TiO, loading at 100 Hz frequency.

We would like to investigate more deeply TiO,/P(VDF-HFP)
nanocomposites for reducing the dielectric loss and shrinking
the nanostructure size of TiO, fillers to allow for a wider range
of applications. Here, we try a new preparation method to
obtain smaller and entirely different self-assembled F-TiO,
structure to decrease the dielectric loss. A flower-like TiO,
structure with an average diameter of 400 nm, self-assembled by
bundles, was prepared via a direct solvothermal process. And
then the prepared F-TiO, particles were incorporated into
a P(VDF-HFP) matrix by the solution blending method.> The
microstructure, thermal stability, and surface morphology of
as-synthesized fillers as well as the composites are investigated
systematically. In addition, the dielectric properties of the
composites are also presented, which can indicate the influence
of F-TiO, on the polymer matrix. Hybrid films with low dielec-
tric loss, low electric conductivity and enhanced dielectric
permittivity were obtained.

Experimental

Materials

Tetrabutyl titanate (TBT), N,N-dimethylformamide (DMF),
lithium acetate dihydrate and titanium oxide (anatase) were all
of analytical grades and purchased from Aladdin Industrial
Corporation, China. Acetic acid and ethanol were supplied by
Sinopharm Chemical Reagent Co. Ltd, China. Poly(vinylidene
fluoride-co-hexafluoropropylene) [P(VDF-HFP)] pellets were
provided by Sigma-Aldrich. All chemicals were used as received
without any further purification.

Synthesis of flower-like TiO, particles

In a typical synthesis, 0.6 g of lithium acetate dihydrate was
dissolved in 50 mL of organic solvent containing 12 mL DMF
and 18 mL acetic acid. After addition of 6 mL of TBT, the
solution was transferred into a Teflon-lined stainless steel
autoclave, and heated in an oven at 200 °C for 20 h. Finally, the
product was collected and washed thoroughly with ethanol
several times, and finally dried in a vacuum oven at 60 °C
overnight. The as-synthesized flower-like TiO, particles were
further annealed in air at 350 °C for 3 h.

Preparation of TiO,/P(VDF-HFP) composites

The typical procedures for the preparation of TiO,/P(VDF-HFP)
composites were carried out as follows. P(VDF-HFP) was first
dissolved in DMF, and the mixture was stirred for 4 h at room
temperature. Then a required amount of TiO, was dispersed in
the solution by sonication for 1 h. After vigorously stirring at
room temperature for 24 h, the uniform suspension was put in
a vacuum dryer with pumping vacuum for 1 h to remove
bubbles in the suspension. Then the suspension was poured on
a clean glass plate and cast with a casting film machine at 80 °C.
The film was dried in the casting film machine at 80 °C for
30 min and finally dried at 60 °C for 12 h to remove the residual
solvent. Composites containing different volume fractions (5%,
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10%, 15% and 20%) of TiO, particles were prepared. The
composite films were about 30-40 pum in thickness. For
comparison, pure P(VDF-HFP) film was also prepared.

Characterization

The crystalline phases of as-prepared powders and composites
were identified by X-ray diffraction (XRD, EMPYREAN, PAN-
alytical Co., The Netherlands) analysis with Cu Ko radiation. A
field emission scanning electron microscopy (FESEM, S-4800,
Hitachi Ltd, Japan) instrument was used to observe the
morphology of the particles. HRTEM images were obtained with
a transmission electron microscopy (TEM, Tecnai G2 F20, FEI
Co., Netherlands) instrument operated at an accelerating
voltage of 200 kV. The cross-sectional morphology of the films
was observed using a FESEM (SU-70, Hitachi Ltd, Japan)
instrument with all the samples freeze-fractured in liquid
nitrogen before testing. Differential scanning calorimetry (DSC)
was conducted using a PerkinElmer DSC-7 analyzer between
80 and 220 °C with a heating/cooling rate of 10 °C min~" under
a nitrogen atmosphere. Prior to electrical measurements,
copper electrodes of 150 nm in thickness were evaporated on
both surfaces of the films using a mask with 20 mm diameter
eyelets. The dielectric properties of the samples were measured
using a Novocontrol Alpha-N high resolution dielectric analyzer
(GmbH Concept 40) in the frequency range of 1 to 10’ Hz at
several temperatures between —25 and 125 °C.

Results and discussion

Fig. 1 shows the morphology of the solvothermal products. The
as-prepared particles exhibit a flower-like morphology and they
are uniform in shape and size with an average diameter of ca.
400 nm. It is found that the flower-like particles are composed
of bundles in different orientations, and the bundles are linked
at the middle organized into quasi-spheres. Detailed observa-
tions reveal that several nanorods with almost consistent
orientation form the bundles and unfold at the heads. The
flower-like structures would not collapse into scattered nano-
rods even after prolonged sonication or grinding and still retain
the entire morphology independent of each other, proving that
they are not random aggregations but ordered self-assemblies.>®
Obviously, flower-like structure with smaller size is beneficial to
prepare thin films.

Fig. 2(a) shows a TEM image of the as-prepared particles. The
TEM image of an individual as-prepared particle clearly reveals

100nm

500nm

Fig. 1 (a and b) SEM images of the solvothermal products.
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Fig. 2 (a and b) TEM images, (c) HRTEM image and (d) XRD pattern of solvothermal products.
that the flower-like structure is self-assembled by bundles. . Anatase TiO Anatase Ti0,
According to Fig. 2(b), the diameter of bundles is about 80- ,J\ { Brookfite TiO, P(VDF-HFP)
100 nm, while that of nanorods is approximately 5-10 nm. The PVDE-HEP) |
. . . . L . iy P(VDF-HFP)-5v0l% F-TiO,
HRTEM image of the TiO, nanorods is depicted in Fig. 2(c), in B

which the lattice fringes are clearly observed. The lattice fringes
in a TiO, nanorod are continuous; therefore each individual
nanorod may be single-crystalline. The most obvious lattice
fringe of 0.35 nm is attributed to (101) plane of the anatase
phase, which is parallel to the longitudinal axis of the nano-
rod.”” Based on the above observations and the XRD analysis,
the growth direction of the nanorods, which is equivalent to
longitudinal axis for nanorods, is determined to be the [101]
direction. Some lattice fringes of other phases can be observed
in the HRTEM image, which belong to brookite. This can be
verified by the XRD pattern in Fig. 2(d). Most diffraction peaks
are assigned to anatase TiO,, marked by red lines in the figure,
except for the peak at around 31° that might come from the
trace impurity of brookite. The standard diffraction pattern of
brookite phase is indicated by blue lines in Fig. 2(d), and they
are fitted on the small peaks of impurity phase. Furthermore,
because of the existence of brookite, the strongest peak at
around 25° shifts from the (101) peak of the anatase phase.
Therefore, the anatase phase is the main phase of the as-
prepared TiO,, with a small amount of brookite phase impurity.

Fig. 3 presents the XRD patterns of flower-like TiO, particles,
pure P(VDF-HFP) and F-TiO,/P(VDF-HFP) composites with
different volume fractions of F-TiO,. Three diffraction peaks at
20 =17.7°,18.3° and 19.9° could be observed in the XRD pattern
of pure P(VDF-HFP), corresponding to the diffractions in a-

This journal is © The Royal Society of Chemistry 2017

P(VDF-HFP)-10vol% F-TiO,

l P(VDF-HFP)-15vol% F-TiO,
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i P(VDF-HFP)-20vol% F-TiO,
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Fig. 3 XRD patterns of flower-like TiO; (F-TiO,) particles, pure P(VDF-
HFP) and F-TiO,/P(VDF-HFP) composites with different volume frac-
tions of F-TiO,.

phase crystal planes (100), (020) and (110).**° Due to the
closeness of the peaks, being at 20 = 17.7° and 18.3°, and
relatively low crystallinity, they can hardly be distinguished.
Diffraction peaks from both anatase TiO, fillers and P(VDF-
HFP) matrix can be observed simultaneously in the XRD
patterns of the composite films. Comparing the XRD patterns of
F-TiO, and of the composite films, the diffraction peaks of TiO,
are unchanged, implying that F-TiO, keeps the original struc-
ture after incorporation into the composite films. With an
increase of TiO, content, the total intensity of a-P(VDF-HFP)
characteristic peaks decreases gradually. This phenomenon

RSC Adv., 2017, 7, 3949-3957 | 3951
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indicates that the incorporation of TiO, might play a major role
in the crystallization behavior of the P(VDF-HFP) matrix.

Fig. 4 shows results of DSC analysis, which was conducted to
further investigate the influence of F-TiO, particles on the
crystallization behavior of the P(VDF-HFP) matrix. Fig. 4(a) and
(b) show the heating and cooling curves of samples. According
to Fig. 4(a), each sample exhibits only one single melting peak,
the position of which shifts toward lower temperatures with
increasing TiO, content. The crystallinity (x.) of P(VDF-HFP) in
the composites with F-TiO, could be calculated according to the
following formula:

AH,

=S 100
Xe = =gy x amo < 100%

where AH,, is the enthalpy of the sample obtained by the
integration of the endothermic peak area, AH, is the enthalpy
of 100% crystalline «-P(VDF-HFP) (93.07 J ¢ ') and w is the
weight percentage of F-TiO, particles in the polymer matrix.*
The melting peak temperatures and calculated crystallinities of
samples are summarized in Table 1. This table reveals that F-
TiO, has a complex influence on the crystallization behavior of
P(VDF-HFP) in the composites. The crystallinity is improved at
a low loading level of TiO,, from 29.32% for the pristine P(VDF-
HFP) to 31.66% for the composite with 10 vol% particles.
Nevertheless, the crystallinity is sharply reduced as the content
of F-TiO, particles further increases. This may be caused by two
relative effects of particles on the crystallization of polymers.*'-**
For one thing, the addition of F-TiO, fillers provides more
nucleation sites, that will lead to heterogeneous nucleation of
the polymer to promote the crystallization of the P(VDF-HFP)
matrix. For another, the fillers will become physical obstacles,
which may block the segmental motions of P(VDF-HFP). And
the blocking influence gets stronger with high F-TiO, loading
above 10%. Therefore, the degree of crystallinity increases with
low F-TiO, volume fractions, while it decreases with higher
volume fractions of particles. However, the crystallization
temperature (T.) of the composites manifests a different trend
as presented in Fig. 4(b), monotonically decreasing with
increasing F-TiO, concentration. This phenomenon may be due
to the blocking effect of F-TiO, particles accounting for the

= P(VDF-HFP)

*  P(VDF-HFP)-5% F-TiO,
- P(VDF-HFP)-10% F-TiO,
*  P(VDF-HFP)-15% F-TiO,
*  P(VDF-HFP)-20% F-TiO,

(@)

Heat Flow Endo Up(a.u.)

\

100 120 140 160 180 200
Temperature(C)

Fig. 4
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Table1l Evolution of the melting temperature T,,, and crystallinity x. of
P(VDF-HFP) and F-TiO,/P(VDF-HFP) composites

5 vol% 10 vol% 15 vol% 20 vol%
Sample  P(VDF-HFP)  F-TiO, F-TiO, F-TiO, F-TiO,
Tm (DC) 153.52 152.55 152.12 151.82 150.65
Xe (%) 29.32 30.91 31.66 27.48 24.63

main effect on the crystallization temperatures of the compos-
ites for all F-TiO, contents.

Fig. 5 shows the freeze-fractured cross sections of pure
P(VDF-HFP) and the composite with 20 vol% F-TiO, loading. As
can be seen, the cross section of pure P(VDF-HFP) is smooth
and dense. The cross section of the F-TiO,/P(VDF-HFP)
composite hardly has pores and cracks, with some shallow
pits due to the freeze-fracture process. Thus addition of F-TiO,
particles does not deteriorate the film quality of the compos-
ites. In addition, if there are particle agglomerates in the film,
heterogeneous color distribution can be observed because of
the contrast difference between TiO, and polymers under SEM.
This can be proved by high-magnification imaging as shown in
Fig. S1 (ESIt). The loading particles can be observed homoge-
neously dispersed in the matrix without agglomeration. The
thicknesses of both films are 20-30 pum, similar to those of
the films with other F-TiO, loadings. Because of the homoge-
neous distribution of the F-TiO,, the film with 20 vol% F-TiO,
loading can retain great flexibility. According to the picture
in the upper right corner of Fig. 5(b), the film with 20 vol%
F-TiO, loading can be simply curled, implying that the film is
still flexible.**

Fig. 6 presents the variations of the dielectric constant (),
dielectric loss tangent (tan ¢) and electrical conductivity (o) of
P(VDF-HFP) and F-TiO,/P(VDF-HFP) composites with various
F-TiO, volume fractions as a function of frequency at room
temperature. As illustrated in Fig. 6(a), the dielectric constant of
the composites decreases with increasing frequency for all
samples, and increases with increasing F-TiO, content over the
whole frequency range. Furthermore, the frequency depen-
dence becomes stronger with an increase of F-TiO, content in

= P(VDF-HFP)

= P(VDF-HFP)-5% F—TiO2
P(VDF-HFP)-10% F-TiO,

*  P(VDF-HFP)-15% F-TiO,
P(VDF-HFP)-20% F-TiO,

(b)

Heat Flow Endo Up(a.u.)

80 100 120 140 160 180

Temperature(C)

200

(a) Heating curves and (b) cooling curves of P(VDF-HFP) and F-TiO,/P(VDF-HFP) composites.
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Fig.5 SEM images of (a) pure P(VDF-HFP) and (b) F-TiO,/P(VDF-HFP)
composite with 20 vol% F-TiO, loading.

the composites, which is a typical characteristic of interfacial
polarization.*® The frequency dependence behaviour suggests
that the addition of the F-TiO, strengthens the interfacial
polarization effect of the composites. The dielectric constant of
the 20 vol% sample can reach 29.6 at 1 Hz frequency, while that
of the pure P(VDF-HFP) sample is 12.1. It is worth noticing that
the dielectric constant of the 15 vol% sample is 27.5 at 1 Hz
frequency, just slightly lower than that of the 20 vol% sample.
What is more, the dielectric constant of the composite with 15
vol% F-TiO, is higher than that of the composite with 20 vol% F-

wl —=—P(VDF-HFP)

(a) —o— P(VDF-HFP)-5% F-TiO5
3B —a— P(VDF-HFP)-10% F-TiO5
- —+— P(VDF-HFP)-15% F-TiO5

—+— P(VDF-HFP)-20% F-TiOy

Dielectric Constant
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TiO, at 10-1000 Hz frequencies, lower content and higher
permittivity. This may mean that the addition of F-TiO, above
20 vol% will not enhance the dielectric properties of the
composites; instead it will have a deleterious effect on the
mechanical properties. The dielectric loss tangent of P(VDF-
HFP) and its composites also shows a strong dependence on
the F-TiO, content and the frequency, as presented in Fig. 6(b).
For each sample, the dielectric loss tangent decreases with
increasing frequency for 1-10* Hz frequency range, and
increases with increasing frequency for 10* to 10° Hz frequency
range. The dielectric loss tangent shows an increasing trend
with increasing F-TiO, content, because of more sources of
space charge carriers in the system that are induced by the
inorganic fillers.>** However, the dielectric loss tangent of the
composite with 5 vol% F-TiO, particles is even lower than that
of the pure P(VDF-HFP) at all frequencies. For example, the
dielectric loss tangent of the composite with 5 vol% F-TiO,
particles is 0.026 at 100 Hz frequency, whereas that of pure
P(VDF-HFP) is 0.03. Moreover, the dielectric loss of each sample
is lower than 0.1 at middle frequency (10> to 10° Hz). And the
dielectric loss of the composite with 20 vol% F-TiO, loading is
0.0748 at 100 Hz frequency. This is far below the 1.05 that we

0.3

—=— P(VDF-HFP)
—o— P(VDF-HFP)-5% F-TiO,
—a— P(VDF-HFP)-10% F-TiO,
—v— P(VDF-HFP)-15% F-TiO5
—+— P(VDF-HFP)-20% F-TiOp £
|
/
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Fig.6 Frequency dependence of (a) dielectric constant, (b) dielectric loss and (c) conductivity of P(VDF-HFP) and TiO,/P(VDF-HFP) composites

with different volume ratios of TiO,.
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obtained in our previous work, as expected. This phenomenon
can be interpreted by dipole orientation which also makes
a contribution to the dielectric loss, confined by F-TiO, fillers.*”
The complex trend of dielectric loss with frequency may also be
caused by the balance between space charge carriers and dipole
orientation.®® Space charge carriers make the dominant
contribution to the dielectric loss at low frequencies, while
dipole orientation plays the main role at high frequencies. It is
worth mentioning that the dielectric loss of composites with F-
TiO, fillers is even lower than that of pure P(VDF-HFP) at
frequencies below 10 Hz and above 10° Hz. Fig. 6(c) shows that

Dielectric Constant

Dielectric Constant

Dielectric Constant

View Article Online
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the electric conductivity of each sample increases with the
increasing frequency, which is a typical trend of an insulator.
Meanwhile, the electric conductivity increases with increasing
F-TiO, content, just like the trend of the dielectric loss tangent.
Especially, the electric conductivity of each sample is lower than
107" S em ™ at low frequencies, implying excellent insulation
of the nanocomposites.** As we know, the energy storage density
normally is decided by the dielectric constant and the break-
down strength. A Weibull plot of the breakdown strength of the
composites is shown in Fig. S2 (ESIt). All of the F-TiO,/P(VDF-
HFP) composites could withstand a high electric field of over

Dielectric Constant

Dielectric Constant

Fig. 7 Frequency dependence of the dielectric constant at various temperatures of (a) pure P(VDF-HFP), (b) P(VDF-HFP)-5 vol% F-TiO,, (c)
P(VDF-HFP)-10 vol% F-TiO,, (d) P(VDF-HFP)-15 vol% F-TiO, and (e) P(VDF-HFP)-20 vol% F-TiO,.
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75 MV m™'. And the breakdown strength of the composites
decreases with increasing F-TiO, loading. This is a common
phenomenon for inorganic/polymer dielectric composites.
Breakdown strength at the cumulative failure probability of
0.632 is usually regarded as the characteristic breakdown
strength, as shown in Table S1 (ESI{).

Fig. 7 shows the frequency dependence of the dielectric
constant of P(VDFHFP) and TiO,/P(VDF-HFP) composites at
temperatures. Obviously, each sample presents
a similar shape of 3-D curved surface. The dielectric constant
of the samples increases with increasing temperature and
increasing frequency, resulting in a landslide shape. This is
caused by the movement of molecular chains increasing
with increasing temperature, which will enhance orientation

various

View Article Online

RSC Advances

polarization. It leads to more induced charges, resulting in
higher dielectric constants. The dielectric constant increases
with increasing F-TiO, particle content except at high temper-
atures and high frequencies. However, the dielectric constant
decreases with increasing F-TiO, particle content at high
temperature and high frequency. Hence, the shape of the
curved surface becomes flatter with increasing F-TiO, content
as shown in Fig. 7. This implies that the addition of F-TiO,
increases the interfacial polarization between TiO, fillers and
P(VDF-HFP) and reduces the orientation polarization from the
movement of molecular chains. Therefore, F-TiO, particles not
only enhance the dielectric constant, but also elevate the
temperature and the frequency stability of the dielectric
constant. Considering the complex work environments of

| | I
P(VDE-HE
20v01% F-Ti

Fig. 8 Frequency dependence of the imaginary part of electric modulus at various temperatures of (a) pure P(VDF-HFP), (b) P(VDF-HFP)-5 vol%
F-TiO,, (c) P(VDF-HFP)-10 vol% F-TiO,, (d) P(VDF-HFP)-15 vol% F-TiO, and (e) P(VDF-HFP)-20 vol% F-TiO5.
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electronic devices, the dielectric stability is also an important
parameter of the TiO,/P(VDF-HFP) composites. And the
composites with nanometer grade F-TiO, show very good
dielectric stability, which was not pronounced in our previous
studies.

Electric modulus formalism is used to analyze the dielectric
relaxation behaviors for an in-depth knowledge of the polari-
zation of composites. The electric modulus formalism can
minimize the parasitic effect of electrode polarization and
reflect the relaxation existing in different energy environ-
ments.*° The imaginary part of the electric modulus (M"), which
takes the form of loss curves, is usually adopted to interpret the
bulk relaxation properties. The frequency dependence of M" at
various temperatures is shown in Fig. 8. A relaxation peak can
be observed at high frequency and low temperature. This peak
corresponds to the «, relaxation, which is related to the
segmental motions in the amorphous region of P(VDF-HFP).*!
Another peak present at lower frequencies and higher
temperatures is associated with the interfacial polarization.
And the peak frequency increases with increasing temperature,
because of the reduction of the relaxation time at high
temperature.”” The relaxation peak intensity of the F-TiO,/
P(VDF-HFP) composites reduces with increasing TiO, content,
because the introduction of F-TiO, particles confines the
charge aggregation at the crystal/amorphous boundaries in the
P(VDF-HFP) matrix. According to the M" spectra, we further
analyze the polarization behaviors, and learn that the addition
of F-TiO, suppresses the charge aggregation to reduce the
dielectric loss tangent.

Conclusions

In summary, small-size self-assembly flower-like TiO, particles
have been synthesized via a facile one-pot solvothermal method
and P(VDF-HFP)-based nanocomposites with F-TiO, particles
as fillers have been prepared. Thermal and microstructural
analyses show that the introduction of F-TiO, fillers does not
disrupt the crystallization process of the polymer matrix.
According to dielectric measurements, the addition of the F-
TiO, fillers enhances the dielectric constant of the composites,
while the dielectric loss does not significantly improve with
increasing F-TiO, filler content, even decreasing at some filler
contents. For example, the dielectric permittivity of polymer
nanocomposites was enhanced by 200% over the P(VDF-HFP)
matrix at a filler content of 20 vol% while maintaining
a rather low dielectric loss (0.043 at 1 kHz). Especially, the F-
TiO,/P(VDF-HFP) composites exhibit low electric conductivity
(=107 S em™ ") at low frequencies. A detailed study concern-
ing the temperature- and frequency-dependent dielectric
properties of P(VDF-HFP)-based composites incorporating
F-TiO, particles indicates that interfacial polarization between
F-TiO, fillers and P(VDF-HFP) matrix is strengthened and
orientation polarization from movement of molecular chains is
confined, resulting in more stable dielectric properties. Our
work can provide a feasible strategy of preparing high-
performance polymer composites for electrical and electronic
applications.
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