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ABSTRACT

Flexible dielectric polymer nanocomposites have been widely investigated in
recent years due to their potential application in electronic devices. In this study,
a new system of flexible composites is prepared by incorporating the
orthorhombic perovskite structure of a LaFeO; (LFO) filler into poly(vinylidene)
fluoride (PVDF). LFO nanoparticles with an average particle size of ~ 194 nm
are synthesized by the combustion method. The effect of the introduced LFO on
the morphology, structure, phase composition, and dielectric properties of the
composites is investigated. The LFO/PVDF nanocomposites show a large
dielectric permittivity, which is approximately 5 times higher than that of pure
PVDF. Interestingly, the dielectric loss tangent of the composites is decreased
by ~ 0.059 at a volume fraction of LFO (firo) = 0.5, temperature of ~ 20 °C,
and frequency of 1 kHz. The improved dielectric properties of the LFO/PVDF
composites can be explained by the presence of strong interfacial polarization
and the increase in the polar B-PVDF phase in the nanocomposites. This work
provides a comprehensive guideline for improving dielectric polymer
nanocomposites with high permittivity and low dielectric loss.
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increasing demand for dielectric materials with high
dielectric permittivity (¢/) and low dielectric loss
tangent (tand) over a wide range of frequencies and

1 Introduction

Materials with excellent dielectric properties have

been increasingly studied because of their potential
application in many products, such as sensors,
embedded capacitors, gate dielectric devices, and
energy storage devices [1-6]. There has been an ever-
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temperatures. Ceramic materials possess very high ¢’
but are brittle and have low dielectric strength. In
contrast, polymers are flexible, easy to process due to
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their low processing temperatures, and possess high
dielectric breakdown fields.

Considerable effort has been made in preparing
dielectric composite materials with polymers as the
matrix and ceramic particles as the filler to combine
the best characteristics of both components. Thus, the
combination of ceramics and polymers to form
composite materials that demonstrate high ¢/, flexi-
bility, and a large breakdown strength through a low-
temperature process is required for the miniaturiza-
tion of modern electronic devices.

Generally, poly(vinylidene fluoride-trifluo-
roethylene) (P(VDE-TrFE)) [7, 8], polyimide (PI)
[9, 10], and polyethersulfone (PES) [11] have been
used as matrices for composites. In this study,
poly(vinylidene fluoride) (PVDF) is selected as the
matrix due to its high &' (compared to other copoly-
mers), thermal stability, and easy processing [7, 8].
Ceramics with large values of ¢/, such as ACu3Ti4O;»
(A =Ca, LapsCags, NagsYos NagsBigs, Naj/3Caiy
3Biy 3 [10-17], BaTiO; [18], (Ba,Sr)TiO; [19], Ba(Feq 5.
Nby5)O5 [20], and BiFeOj; [21, 22], have been used as
fillers in polymer-based composites. In addition,
orthorhombically distorted perovskite LaFeO3; (LFO)
with the coexistence of antiferromagnetic and ferro-
electric-multiferroic properties has been reported in
the literature [23-26].

Moreover, LFO can be used as an ethanol sensor
and hot electrode for magnetohydrodynamic power
generation due to its high electrical conductivity,
thermal stability, and high & (10°-10°) at room tem-
perature and 1 kHz [23-26]. Therefore, LFO is a new
ceramic of the rare-earth orthoferrite family that has
been increasingly studied for use as a dielectric
material. The aim of this study is to provide a new
polymer nanocomposite system with improved
dielectric properties.

In this work, LFO nanoparticles are selected as a
filler for preparing two-phase PVDF-based compos-
ites. LFO nanoparticles are synthesized by combus-
tion using glycine as a fuel. The crystal phase, crystal
structure, microstructure, and dielectric properties of
the LFO/PVDF nanocomposites are investigated.
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2 Experimental section
2.1 Sample preparation

For the preparation of LFO nanoparticles, a com-
bustion method was employed. LaN3;Oy-6H,O
(99.9%, Aldrich), FeN3Oy-9H,O (99.9%, Aldrich),
NH,CH,COOH (99%, ACI Labscan), and CH;COOH
solution (ACI Labscan) were used as raw materials.
First, LaN3O9-6H,O and Fe N3O9-9H,O were dis-
persed in a CH3;COOH solution and stirred with a
magnetic bar on a hot plate at 25 °C for 1 h. Second,
an appropriate amount of NH,CH,COOH was added
to the homogenous solution with continuous stirring.
Third, the solution was heated to 150 °C to form a
wet gel. Then, the resultant gel was combusted at
350 °C for 0.5 h. Next, the dried precursor powder
was calcined at 1000 °C for 10 h. Finally, LFO
nanoparticles were obtained at 25 °C.
For the preparation of the two-phase LFO/PVDF
nanocomposites, liquid-phase-assisted dispersion
and hot-pressing methods were used. The calcined
LFO powder was introduced into PVDF (M,,.
~ 534,000, Aldrich) in ethanol by ball milling for
3 h. The mixture was transferred into a beaker and
dried at 80 °C overnight to remove ethanol. The dried
powder was placed in a mold and pressed to form a
sample with a diameter of ~ 12 mm and a thickness
of 0.7-1 mm. The LFO/PVDF nanocomposites with
firo =0, 0.1, 0.2, 0.3, 0.4, and 0.5 were kept at room
temperature.

2.2 Sample characterization

The surface morphology of the LFO nanoparticles
was examined by transmission electron microscopy
(TEM, FEI Tecnai G2 20). The phase composition and
crystal structures of the LFO powder, PVDF polymer,
and LFO/PVDF nanocomposites were characterized
using X-ray diffraction (XRD; PANalytical, EMPYR-
EAN). The fractured surface morphology of each
LFO/PVDF nanocomposite was investigated using
focused ion beam—field emission scanning electron
microscopy (FIB — FESEM, FEI Helios Nanolab G3
CX). To investigate the fractured surface morphol-
ogy, samples were fractured by liquid N, and sput-
tered with gold. The crystal phase of the LFO/PVDF
nanocomposites was analyzed by Fourier transform
infrared (FTIR) spectroscopy (Bruker, TENSOR27).
Before the dielectric measurements, silver was
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painted on both surfaces of the samples. The dielec-
tric properties of all samples were recorded using an
impedance analyzer (KEYSIGHT, E4990A) at an AC
oscillation voltage of 0.5V, a frequency range of
10* — 10° Hz, and a temperature range of — 60 °C to
150 °C.

3 Results and discussion

To determine the crystal phase of LFO, XRD patterns
were recorded. Figure 1a presents the XRD pattern of
the LFO nanoparticles. The diffraction peaks of the
sample were indexed based on the orthorhombic
phase (JCPDS 74 — 2203) [24, 26] with a perovskite

20 (Deg.)

crystal structure (space group Pbnm). The diffraction
peaks at 20 corresponded to (110), (111), (112), (021),
(022), (220), (221), (114), (131), (204), and (224) planes,
confirming the formation of LFO. However, XRD
peaks belonging to the impurity phase of La,O5; were
detected. During the calcination process, La,O3 and
Fe,O; nanoparticles were formed first, and then these
two phases reacted together to form the final product
of the LFO phase. However, a small amount of
residual La,O5; was detected, which may be due to an
incomplete reaction. This residual impurity phase
could be eliminated by increasing the calcination
temperature; however, the obtained particle sizes
were largely increased, and a coarse powder was
obtained. This coarse powder was unsuitable for use
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Fig. 2 FTIR spectra of the LFO/PVDF nanocomposites with
fLFO =0and 0.5

Table 1 Vibrational mode wavenumbers of the LFO/PVDF
composites with f o = 0 and 0.5

Band (cm™") Group and vibrational mode Phase
762 6(CF,) + 6(CCC) o
795 r(CH,) o
841 r(CH,)— vy(CF5) B, v
870 v5(CC) + H(CCC) + v4(CF,) o
974 t(CH,) o
1067 04(CC) o
1148 Vo(CC)— 04(CF») o
1179 v(CF,) + t(CHy) o
1277 v4(CF,)-v4(CC) + §(CCC) B

vy symmetric stretching, v,s symmetric stretching, J bending,
t twisting, 7 rocking, CC CC skeletal vibration, CCC CCC skeletal
vibration

as a ceramic filler to improve the dielectric properties
of a PVDF polymer matrix. By taking into account the
small amount of the La,O; phase and the low ¢’ of the
La,O; ceramic compared to that of the LFO ceramic,
the effect of the La,O3 impurity could be ignored.
The TEM image of the LFO morphology (Fig. 1b)
revealed that the LFO nanoparticles had a smooth
surface. This result showed that LFO nanoparticles
had a non-spherical shape. The particle size distri-
bution of LFO was 194 nm, as shown in Fig. 1c. It
was observed that the distribution of particle size was
irregular and not a typical normal distribution curve.
LFO nanoparticles were prepared by a chemical
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combustion method. Generally, the combustion and
associated energy in processing were difficult to
control, and the temperature rapidly increased in a
few seconds [27]. Thus, a broad range of particle sizes
was obtained.

Figure 1d shows the XRD patterns of the LFO/
PVDF nanocomposites with various volume fractions
of LFO nanoparticles (furo). The XRD pattern of the
PVDF (firo = 0) polymer exhibited a semicrystalline
structure of the a-phase, corresponding to the (110),
(020), (110), and (021) planes. As fi ro increased to 0.2,
the diffraction peaks of PVDF almost disappeared.
The decrease in the intensity of PVDF indicated that
the crystallinity of the PVDF polymer could be
influenced by the incorporation of ceramic fillers
(LFO). The diffraction peaks of all the LFO/PVDF
nanocomposites matched the standard pattern of
LFO (JCPDS 74 — 2203), confirming that the LFO/
PVDF nanocomposites consisted of LFO with a small
amount of the La,O3; impurity.

The formation of any PVDF phase has a large effect
on the dielectric properties of PVDF-matrix
nanocomposites. Because the XRD peaks of a PVDF
polymer cannot be detected in the LFO/PVDF
nanocomposites, the phase compositions (e.g., a-, B-,
and y-phases) of a PVDF polymer in the nanocom-
posites cannot be quantified. Therefore, the crystal-
lization of LFO/PVDF nanocomposites was further
investigated by FTIR for the identification and
quantification of the PVDF polymer phase, as shown
in Fig. 2. Transmittance bands at 841 and 1277 cm ™"
were observed and assigned to the B-phase [7, 28-30].
Additionally, the band at 841 cm ™' corresponded to
the y-phase [7, 28-30]. The characteristic bands of the
o-phase at 762, 795, 870, 974, 1067, 1148, and
976 cm™' [7, 28-30] were presented in both
nanocomposites with firo = 0 (pure PVDF) and 0.5,
but the intensity of the a-phase peaks decreased with
the introduction of the LFO filler. In addition, the
FTIR peaks of the LFO/PVDF nanocomposites, as
mentioned above, were identified with different
vibration groups, as listed in Table 1. The quantifi-
cation of the B-phase fraction (F(B)) was performed
by considering the relative absorption intensity of the
B-phase (841 cm™") and o-phase (762 cm™"). Details
for the calculation were explained in previous studies
[17, 31]. It was observed that the F(B) values of the
nanocomposites with firo = 0 and 0.5 were found to
be 0.444 and 0.614, respectively. This result showed
that the introduction of LFO nanoparticles into the
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Fig. 3 SEM cross-sections of the LFO/PVDF nanocomposites with fi ro = 0, 0.3, and 0.5; insets of b and ¢ show flexible nanocomposites

with firo = 0.3 and 0.5, respectively

PVDF matrix led to an increased B-phase in the
sample. The polar B-phase of PVDF was the most
desirable for providing better dielectric properties
[32].

Figure 3 shows SEM images of the fractured cross-
sections of nanocomposites with f ro = 0, 0.3, and 0.5.
As shown in Fig. 3a, a uniformly pure PVDF polymer
was observed. When LFO nanoparticles were added
to PVDF, the LFO particles dispersed throughout the
matrix, as shown in Fig.3b. Moreover, the
nanocomposites tended to slightly agglomerate with
a high content of LFO at firo = 0.5, and no obvious
pores were observed, as seen in Fig. 3c. It was
observed that a continuous, nonporous PVDF poly-
mer phase was formed. When the LFO nanoparticles
were incorporated into the PVDF polymer matrix, the
LFO nanoparticles were observed to randomly fill in
the 3D PVDF matrix. This observation indicated the
LFO/PVDF nanocomposites had 0-3 connectivity
[33]. Thus, the formation of a continuous PVDF
polymer matrix was inhibited by the introduction of
LFO nanoparticles, thereby promoting the formation
of a small number of pores. Generally, the distribu-
tion of filler usually plays a remarkable role in the
dielectric properties of a composite. Clearly, the
homogeneous dispersion of filler in a composite is
preferable to provide better dielectric properties than
that of a composite containing a large agglomeration
of filler particles. It is important to note that when the
LFO/PVDF nanocomposite films were fabricated,
highly flexible nanocomposites could be obtained, as
shown in the insets of Fig. 3b and c.

The frequency dependence of the ¢, tand, and AC
conductivity (c,.) values of LFO/PVDF nanocom-
posites with different firpo values at room

temperature are shown in Fig. 4. The ¢ value of the
nanocomposites decreased with an increased fre-
quency, especially with a high content of LFO, as
revealed in Fig. 4a. The decrease in ¢ as the fre-
quency increased may be explained on the basis of a
decrease in polarization with an increase in fre-
quency. The polarization of a dielectric material
includes the contributions of the interfacial, dipolar,
ionic/atomic, and electronic polarizations. At a low
frequency, all the polarizations can easily respond to
the time variation of the AC electric field. However,
as the frequency of the AC electric field increased,
different polarization contributions were filtered out.
Generally, the electrical responses of the ionic/atomic
and electronic polarizations could occur at frequen-
cies higher than the GHz region, while the interfacial
and dipolar polarizations could respond to the AC
electrical field at a relatively lower frequency than
those of the other two polarizations [34, 35]. As a
result, the net polarizations of the composites that
were contributed by the interfacial and dipolar
polarizations decreased, which led to a decrease in
the ¢ [36]. The ¢ of the LFO/PVDF nanocomposite
with f o = 0.5 linearly decreased with an increasing
frequency from 10% to 10° Hz, indicating that the
primary contribution of the interfacial polarization
occurred in the nanocomposites. The LFO/PVDF
nanocomposites showed ¢ at 1kHz of ~ 255, ~
342, ~ 38.6, ~ 423, and ~ 54.6 with firo=0.1,
0.2, 0.3, 0.4, and 0.5, respectively. The increase in ¢
with an increased LFO loading was a result of a
strong interfacial polarization phenomenon, which
occurred at the interface between the semiconducting
LFO nanoparticles and the insulating PVDF polymer
matrix. The charge carriers in the LFO particles were
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Fig. 4 Frequency dependence of a €, b, tand, and ¢ o, for the
LFO/PVDF nanocomposites with different fipo at room
temperature

trapped at the interface of the different phases in the
composites, resulting in an increase in & [37]. The
observed enhancement of the ¢ value of the
nanocomposites could be explained from the
microstructural point of view that was based on the
interfacial polarization [38-40]. The adjacent semi-
conducting LFO nanoparticles, which were separated
by a dielectric layer of PVDF polymer, were consid-
ered internal electrodes. This local microstructure in
the nanocomposites could create an internal barrier
layer capacitor (IBLC). Free charges in the internal
electrodes of the semiconducting LFO nanoparticles
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could move under an applied electric field and get
trapped at the surface of the insulating PVDF poly-
mer. These trapped charges produced an interfacial
polarization, leading to an enhancement in €. The
number of IBLC wunits in the nanocomposites
depended on the number of internal electrodes,
which increased with an increasing firo. Therefore,
the increased ¢ of the nanocomposites due to the
increased firo could be described in this way. How-
ever, it was observed that the increasing trend did
not obey the increasing trend of the additive mass
ratio. These deviations may be associated with the
induced interfacial polarization, since more
nanoparticles generally tended to aggregate as the
furo increased. Consequently, the interfacial polar-
ization slowly increased even when the firo contin-
uously increased. According to the FTIR results, the
polar B-phase of the PVDF polymer was induced to
increase by incorporating LFO nanoparticles. Thus,
the significant increase in the ¢ of the LFO/PVDF
nanocomposites compared to that of the PVDF
polymer was also contributed by the increased f-
PVDF phase in the composites [17, 31].

Moreover, it was seen (Fig. 4b) that the tand of the
nanocomposites slightly increased in the high fre-
quency range over 10° Hz; this result was attributed
to the o, relaxation, which is associated with the glass
transition of a pure PVDF polymer [41, 42]. Interest-
ingly, the tand values of the LFO/PVDF nanocom-
posites for all compositions were lower than 0.06 at
1 kHz. Notably, the LFO/PVDF nanocomposite with
furo = 0.5 exhibited a significantly increased &' 54.6
and low tand ~ 0.059 at 1 kHz. As summarized in
Table 2, comparing the dielectric properties of the
LFO/PVDF nanocomposites at 1 kHz with different
composite systems showed that the LFO/PVDF
nanocomposite system was one of the most interest-
ing two-phase ceramic/polymer composites. As seen
in Fig. 4c, the AC conductivity (o,.) increased lin-
early with an increasing frequency. The values were
lower than 10® S.em™' at 1 kHz even when the
loading of fi go filler was up to 0.5, indicating that no
conductive network or pathway formed in the
nanocomposites.

To identify the influence of temperature on the
dielectric behavior of the LFO/PVDF nanocompos-
ites, ¢ and tand were measured from — 60 °C to
150 °C, as shown in Fig. 5. The ¢ and tand of the
LFO/PVDF nanocomposites exhibited a temperature
dependence, especially at high temperature. This
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Table 2 Comparison of € and
tand (at 1 kHz and ~ 25 °C) Polymer matrix composites Volume fraction of the filler 1 kHz References
of the LFO/PVDF e tan
nanocomposites with various
ceramic/polymer compositions CaCu3Tiz0,,/PVDF 52 vol% ~ 40 ~ 0.1 [12]
CaCu;TisO,,/PVDF 50 vol% ~ 65 ~ 0.1 [13]
CaCu;TisO,,/PVDF 50 wt% 53 0.07  [14]
Lag sCag sCu3TizO;,/PVDF 50 wt% 69 0.09
Nay sBig sCu;Ti4O;,/PVDF 50 vol% ~ 100 ~ 0.11 [15]
Na1/3Ca1/3Bi1/3Cu3Ti4O12/PVDF 50 vol% 156 0.075 [16]
N305Y05CU3T14012/PVDF 50 vol% 84 0.11 [1 7]
BaTiO;/PVDF 40 vol% 61.9 022  [18]
BaTiOs/PVDF film 623.3 0.89
(Ba,Sr)TiO3/PVDF film 40 vol% 40 0.19  [19]
Ba(Fey sNbg 5)O3/PVDF 50 vol% ~ 65 ~ 0.11 [20]
BiFeOs/PVDF film 50 vol% ~ 105 ~ 05 [21]
BiFeO3;/PMMA film 30 vol% 32 025 [22]
LFO/PVDF 50 vol% 54.6 0.059  This work
(0) g5 -
= fgo0 7 w03 [
020l ko0l 4004 b
o 0.15
g
<
+ 0.10
0.05F 7
1 1 1 1 0'00 7/ 1 1 1 1
-50 0 50 100 150 -50 0 50 100 150

Temperature ("C)

Temperature ("C)

Fig. 5 Temperature dependence of a ¢’ and b tand for the LFO/PVDF nanocomposites with different fi po at 1 kHz

phenomenon was attributed to the chain mobility
and thermal expansion of the PVDF matrix. Thus, €
and tand remarkably changed in the high tempera-
ture range. The tand of nanocomposites exhibited 2
relaxation peaks at approximately — 35 °C and above
40 °C, which are known as the B-relaxation and o-
relaxation of a PVDF polymer, respectively [43].

4 Conclusion

Two-phase PVDF-based polymer composites with
LFO nanoparticles were prepared using liquid-
phase-assisted dispersion and hot-pressing methods.
The LFO nanoparticles were synthesized by a com-
bustion method using glycine as fuel. Compared to
pure PVDF, the introduction of LFO into the PVDF

matrix increased &. Moreover, the dielectric permit-
tivity of the composite films exhibited a large
dependence on LFO, which induced notable interfa-
cial polarization. Furthermore, the addition of LFO
nanoparticles into the PVDF polymer also promoted
the formation of the B-PVDF phase, increasing the ¢
values of the composites. Thus, the addition of LFO
nanoparticles resulted in improved dielectric prop-
erties, which was demonstrated to be an effective
way to enhance the high ¢ of the LFO/PVDF
nanocomposites.
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