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tangent with significantly
enhanced dielectric permittivity of poly(vinylidene
fluoride) by filling with Au–Na1/2Y1/2Cu3Ti4O12

hybrid particles

Pornsawan Kum-onsa,a Nutthakritta Phromviyob and Prasit Thongbai *cd

Three-phase gold nanoparticle–Na1/2Y1/2Cu3Ti4O12 (Au–NYCTO)/poly(vinylidene fluoride) (PVDF)

composites with 0.095–0.487 hybrid particle volume fractions (f) were fabricated. Au nanoparticles with

a diameter of �10 nm were decorated on the surfaces of high-permittivity NYCTO particles using

a modified Turkevich's method. The polar b-PVDF phase was confirmed to exist in the composites.

Significantly enhanced dielectric permittivity of �98 (at 1 kHz) was obtained in the Au–NYCTO/PVDF

composite with fAu–NYCTO ¼ 0.487, while the loss tangent was suppressed to 0.09. Abrupt changes in the

dielectric and electrical properties, which signified percolation behavior, were not observed even when

fAu–NYCTO ¼ 0.487. Using the effective medium percolation theory model, the percolation threshold (fc)

was predicted to be at fAu–NYCTO ¼ 0.69, at which fAu was estimated to �0.19 and close to the

theoretical fc value for the conductor–insulator composites (fc ¼ 0.16). A largely enhanced dielectric

response in the Au–NYCTO/PVDF composites was contributed by the interfacial polarization effect and

a high permittivity of the NYCTO ceramic filler. Au nanoparticles can produce the local electric field in

the composites, making the dipole moments in the b-PVDF phase and NYCTO particles align with the

direction of the electric field.
1. Introduction

Polymer-matrix composites (PMCs) with excellent dielectric
properties are increasingly needed due to the rapid develop-
ment of polymer-based electronics, especially energy-storage
devices and embedded capacitors in microelectronics.1–3 Basi-
cally, the process of improving the dielectric properties of PMCs
must consist of several improvement procedures: (1) selection
of polymer matrices that possess good dielectric properties, (2)
selection of a ceramic ller with high dielectric permittivity,
and/or (3) incorporation of a conductive organic or inorganic
ller for incorporation into a polymer matrix.4

Poly(vinylidene uoride) (PVDF) is an interesting polymer
that has been widely used as a polymer matrix since it can
exhibit a higher dielectric permittivity (30 � 10) compared to
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other polymers.5–7 Furthermore, PVDF has a high breakdown
voltage, which is desirable for electronics applications.

High permittivity oxide particles (e.g., BaTiO3 (BT))5,8,9 and
giant permittivity oxides in the ACu3Ti4O12 (ACTO) family10–12

have been used as llers in polymer matrices to enhance the
dielectric permittivity (30) of the PMCs. In addition to the
CaCu3Ti4O12 (CCTO) ceramic, the giant dielectric properties of
other compounds in the ACTO family have been studied.
Among them, Na1/2Y1/2Cu3Ti4O12 (NYCTO) is one of the most
interesting oxides that has been investigated.13–15 NYCTO
ceramics exhibited a large 30 values of �103 to 104 with low loss
tangents (tan d) of �0.03–0.1 at 1 kHz. Use of metallic llers
(e.g., Ni,16 Al,17 and Ag18,19) is also a good strategy to achieve
a high 30 value of metal–polymer composites with a relatively
low loading. Unfortunately, it is hard to control the ller loading
near the percolation threshold, which leads to a high tan d as
well.

Balancing the tradeoff between signicantly increased 30

values while retaining low tan d is still a challenge. In recent
years, simultaneous incorporation of high-permittivity oxide
particles and metallic nanoparticles have been used to prepare
three-phase PMCs. This has become an effective way to obtain
high 30 and simultaneously suppress the tan d. The strategy of
incorporating hybrid particles consisting of two different ller
types into a polymer matrix is of great interest to researchers.
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 XRD patterns of Au standard data, NYCTO and Au–NYCTO
particles.
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For example, Luo et al. found high a 30 � 160 and tan d� 0.11 (at
1 kHz) were obtained in PVDF matrix nanocomposites lled
with Ag–BT hybrid nanoparticles.20 Hybrid particles consisting
of Au metal and NYCTO oxide nanoparticles may be one of the
most effective llers to obtain a PMC with high dielectric
performance. To the best of our knowledge, a three-phase Au–
NYCTO/PVDF composite system has never been reported.

In this work, a novel ternary phase composite employing Au
and NYCTO as ller particles was fabricated in a PVDF polymer
matrix. The NYCTO particles were synthesized via a combustion
method. The surfaces of NYCTO particles were decorated with
spherical Au nanoparticles using a modied Turkevich's
method. Interestingly, a signicantly enhanced dielectric
response and low dielectric loss were accomplished in the
resulting Au–NYCTO/PVDF composites. The dielectric behavior
of the PMCs is described in detail.

2. Method
2.1 Preparation of NYCTO particles

NYCTO particles were synthesized using a combustion method.
First, the appropriate amounts of NaNO3 (99%, KANTO),
Y(NO3)3$6H2O (99.9%, KANTO) and Cu(NO3)2$4H2O (99.5%,
CARLO ERBA) were dissolved in CH3COOH (ACI Labscan) using
a magnetic bar stirrer at room temperature for 1 h to produce
a homogenous solution. Then, C16H28O6Ti (75 wt%, Sigma-
Aldrich) was dissolved into the solution and stirred for 1 h to
obtain a transparent solution. Next, NH2CH2COOH (99%, ACI
Labscan) was added into the solution and heated to 150 �C
under continuous stirring to form a wet gel. Aer that, the gel
was combusted at 350 �C for 0.5 h. Finally, a ne NYCTO powder
was achieved by calcination at 1000 �C for 10 h.

2.2 Preparation of Au–NYCTO particles

Au–NYCTO hybrid particles were fabricated using a modied
Turkevich's method. First, the obtained NYCTO particles were
dispersed in deionized water with the aid of ultrasonication for
0.5 h. Next, this NYCTO solution was stirred for 0.5 h at room
temperature. Aer that, 1 mM of HAuCl4$3H2O was dissolved in
this solution and then temperature of solution was increased to
100 �C with constant stirring. Next, C6H5Na3O7$2H2O (Sigma-
Aldrich) was continuously dropped into the solution. To
ensure the reaction was completed, the light brown solution
was stirred until a dark brown solution was formed. Aer that,
the dark brown solution was centrifuged at 8500 rpm and was
washed several times with deionized water. Finally, the result-
ing powder was freeze-dried to produce Au–NYCTO particles.

2.3 Preparation of Au–NYCTO/PVDF polymer composites

Three-phase PMCs with various volume fractions of Au–NYCTO
hybrid particles (fAu–NYCTO) were prepared using the following
steps. First, the Au–NYCTO hybrid particles were mixed with
PVDF powder (Mw � 534 000, Sigma-Aldrich) in ethanol by ball-
milling for 3 h at room temperature. Then, the mixture was
heated at 80 �C for 24 h to eliminate the ethanol. Next, the dried
mixture of powders was molded to disk-shapes with a diameter
This journal is © The Royal Society of Chemistry 2020
of 12 mm and 1.0 mm in thickness under a pressure of 10 MPa
and simultaneously heated to 200 �C for 0.5 h. Finally, Au–
NYCTO/PVDF samples with fAu–NYCTO ¼ 0, 0.095, 0.191, 0.289,
0.387, and 0.487 were obtained and immediately cooled to room
temperature. These Au–NYCTO/PVDF polymer composites are
respectively referred to as the PVDF, Au–NYCTO/PVDF-1, Au–
NYCTO/PVDF-2, Au–NYCTO/PVDF-3, Au–NYCTO/PVDF-4, and
Au–NYCTO/PVDF-5 samples, respectively.
2.4 Characterization and dielectric measurement

The phase structures of NYCTO and Au–NYCTO particles were
examined using X-ray diffractometry (XRD, PANalytical, EMPY-
REAN). Surface morphologies of Au, NYCTO and Au–NYCTO
particles were revealed using transmission electron microscopy
(TEM, FEI Tecnai G2 20). The fractured microstructure of the
composites was observed using scanning electron microscopy
(SEM, SEC, SNE-4500M). The crystalline phase of nano-
composites was determined using Fourier transform infrared
spectroscopy (FTIR, Bruker, TENSOR27) in the wavenumber
range of 600–1300 cm�1. Thermal behavior and crystallinity of
Au–NYCTO/PVDF composites were studied using a differential
scanning calorimetry (DSC, PerkinElmer, 8000 Advanced
Double-Furnace) with a heating rate of 20 �C min�1 under
nitrogen atmosphere. Dielectric measurements of all samples
were recorded using an impedance analyzer (KEYSIGHT
E4990A) over the frequency range from 102 to 106 Hz. The
temperature dependence of the dielectric properties was
determined over the range of �60 �C to 150 �C. The oscillation
voltage was 0.5 volts. The sample electrodes were silver coated
on both surfaces of samples before dielectric measurements.
3. Results and discussion

The XRD patterns of the Au standard data, NYCTO, and Au–
NYCTO powders are illustrated in Fig. 1. Comparing the XRD
RSC Adv., 2020, 10, 40442–40449 | 40443
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Fig. 2 TEM images of surface morphologies of (a) NYCTO, (b) Au–NYCTO particles. Inset of (a) shows a Au nanoparticle.
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peak intensities of the NYCTO and Au–NYCTO powders, three
additional diffraction peaks were observed in the XRD pattern
of the Au–NYCTO powder, corresponding to the standard data
of Au (JCPDS 00-001-1172). These peaks corresponded to the
(111), (200) and (220) planes. The dominant peaks of (220),
(013), (222), (321), (400), (422), and (440) planes were observed
in the XRD patterns of the NYCTO and Au–NYCTO, corre-
sponding to the perovskite-like NYCTO crystalline structure.
However, small amounts of Y2O3 and TiO2 phases were also
detected.

The morphologies of the NYCTO particles and Au–NYCTO
hybrid particles are shown in Fig. 2. The inset of Fig. 2(a) shows
the morphologies of a Au nanoparticle. As revealed in Fig. 2(a),
it can be seen that NYCTO displays an irregular shape. Mean-
while, the Au nanoparticle has a spherical shape that isz10 nm
in diameter. Fig. 2(b) presents the distribution of Au nano-
particles on the surfaces of NYCTO particles. Au nanoparticles
Fig. 3 XRD patterns of Au standard data, NYCTO particles and Au–
NYCTO/PVDF nanocomposites with various contents of Au–NYCTO.

40444 | RSC Adv., 2020, 10, 40442–40449
were discretely attached onto NYCTO surfaces. As reported by
Luo et al.,6 the discrete growth of Ag nanoparticles on BaTiO3

particles can cause an increase in the dielectric response of the
Ag–BaTiO3/PVDF composites while suppressing increases in
conductivity and dielectric losses. Similarly, enhanced dielectric
performance is expected in the Au–NYCTO/PVDF composites.

Fig. 3 shows XRD patterns of Au–NYCTO/PVDF nano-
composites with various loadings of Au–NYCTO ller. All
composites exhibit the evident peaks of NYCTO. The dominant
peaks did not change in the composites with different ller
loadings. The small characteristic peaks of Au were observed in
the Au–NYCTO/PVDF composites. It is notable that the
concentration of Au was z7.3 wt% in the Au–NYCTO hybrid
particles. In the XRD patterns of the Au–NYCTO/PVDF
composites, the a-PVDF phase was almost invisible since the
semi-crystalline phase of PVDF decreased with the increased
crystalline phase of Au–NYCTO. However, small amounts of
impurity phases were still detected in the composites.
Fig. 4 FTIR spectra of nanocomposites with various contents of Au–
NYCTO.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 SEM images of fractured morphologies of (a) Au–NYCTO/PVDF-1, (b) Au–NYCTO/PVDF-2, and (c) Au–NYCTO/PVDF-3 composites.
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Fig. 4 presents the FTIR spectra of the Au–NYCTO/PVDF
composites with various volume fractions of Au–NYCTO
hybrid particles (fAu–NYCTO). Characteristic transmittance peaks
were observed, corresponding to the a-, b- and g-phases of the
PVDF polymer.7,21 The characteristic bands of a-phase were
observed at 613, 762, 797, 874, 976, 1071, 1177 and
1398 cm�1.22–24 The band at 841 cm�1, assigned to the g-
phase.22,23 At the same time appear bands at 841 and 1275 cm�1,
characteristic for b-phase.22,23 Moreover, the bands at 613, 762,
874 and 1275 cm�1 were attributed to the CCC skeletal bending
vibration. The characteristic bands at 874, 1071 and 1275 cm�1

were assigned to the CC skeletal symmetric stretching vibration,
while the bands at 841, 874, 1177 and 1275 cm�1 were assigned
to the CF2 symmetric stretching vibration. The bending of CF2
group was detected at 613 and 762 cm�1. The wagging of CH2

group was observed at 1398 cm�1. The rocking of CH2 and the
twisting of CH2 groups were detected at 841, 797 and 976,
1177 cm�1, respectively. Aer Au–NYCTO hybrid particles were
incorporated into the PVDF matrix, the transmittance intensity
of the composites was reduced. The peaks of the a-, b- and g-
phases became weaker because of decreasing PVDF content.
Notably, the b-PVDF phase was presented in the composites,
which can result in enhancement of 30.25
Fig. 6 DSC thermograph of Au–NYCTO/PVDF composites with
various contents of Au–NYCTO.

This journal is © The Royal Society of Chemistry 2020
Fig. 5 displays SEM images of the fractured cross-sections of
Au–NYCTO/PVDF composites with various fAu–NYCTO fractions.
As shown in Fig. 5(a), the PVDF matrix forms a continuous
phase. The Au–NYCTO particles were homogenously and
randomly dispersed due to a low fAu–NYCTO. When fAu–NYCTO was
increased to 0.191 and 0.289 [Fig. 5(b) and (c)] agglomeration of
the ller was observed.

The DSC spectra of the Au–NYCTO/PVDF composites are
shown in Fig. 6. The positions of the melting peaks (Tm) slightly
shied to a low temperature by incorporating Au–NYCTO.
Besides, as the Au–NYCTO content increased, the enthalpy of
melting (DHm) and the crystallinity degree (Xc) of nano-
composites decreased obviously, as summarized in Table 1. The
Xc of composites can be calculated by using the following

equation Xc ¼ DHm

DHm100%
� 100%, where DHm is the melting

enthalpy of the sample (J g�1), and DHm100% is the melting
enthalpy of fusion for 100% crystalline PVDF (104.7 J g�1). It can
be observed that the Xc decreased from 18.36% for a pure PVDF
polymer to 2.06% for the composite with fAu–NYCTO ¼ 0.487. The
result could be described that the Au–NYCTO particles hinder
the PVDF polymer chain movement, affecting to the incomplete
melting and crystallization process. This resulted in a further
decrease in both the Xc and Tm.

The frequency dependence of 30 and tan d at room temper-
ature for the Au–NYCTO/PVDF composites with various fAu–
Table 1 Melting temperature (Tm), melting enthalpy (DHm), and crys-
tallinity degree (Xc) of Au–NYCTO/PVDF composites with various
contents of Au–NYCTO

Sample

Melting
temperature,
Tm (�C)

Melting
enthalpy, DHm

(J g�1)

Crystallinity
degree,
Xc (%)

PVDF 165.54 19.22 18.36
Au–NYCTO/
PVDF-1

164.75 18.91 18.06

Au–NYCTO/
PVDF-2

161.27 17.65 16.86

Au–NYCTO/
PVDF-3

161.58 14.65 13.99

Au–NYCTO/
PVDF-4

161.23 11.68 11.16

Au–NYCTO/
PVDF-5

159.43 2.16 2.06

RSC Adv., 2020, 10, 40442–40449 | 40445
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Fig. 7 Frequency dependence of (a) 30 and (b) tan d at room temperature of Au–NYCTO composites with various contents of Au–NYCTO filler.

Table 2 Volume fraction (f) of each component, 30 and tan d at 1 kHz
and 10 kHz of Au–NYCTO/PVDF nanocomposites

Sample fAu fNYCTO fAu–NYCTO

1 kHz 10 kHz

30 tan d 30 tan d

PVDF 0 0 0 10.8 0.020 10.6 0.028
Au–NYCTO/PVDF-1 0.008 0.087 0.095 22.5 0.030 21.9 0.023
Au–NYCTO/PVDF-2 0.019 0.172 0.191 37.3 0.073 34.4 0.051
Au–NYCTO/PVDF-3 0.032 0.257 0.289 51.2 0.040 54.7 0.033
Au–NYCTO/PVDF-4 0.049 0.338 0.387 70.8 0.061 66.1 0.047
Au–NYCTO/PVDF-5 0.075 0.412 0.487 97.9 0.090 89.0 0.068
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NYCTO fractions is shown in Fig. 7. 30 signicantly increased with
the fAu–NYCTO faction over the frequency range of 102 to 106 Hz.
The 30 value of Au–NY/PVDF-5 (fAu ¼ 0.075, and fNYCTO ¼ 0.412)
reached 97.9 at 1 kHz, which is z10 times higher than pure
PVDF polymer. At 102 Hz, 30 was greater than 100. Furthermore,
30 of all composites was slightly dependent on the frequency
over the measured frequency range. It is noteworthy that the
tan d values at 103 Hz of the composites were all lower than 0.1.
This result is rarely observed in other ceramic/polymer
composite systems.10,26–32 Compared with two-phase NYCTO/
PVDF composites (30 � 84, tan d � 0.11 at 1 kHz) with fNYCTO
¼ 0.5, a higher 30 value (�98) for the three-phase Au–NYCTO/
PVDF composite with fAu–NYCTO ¼ 0.487 was achieved with
a lower tan d, �0.09. This demonstrates that surface decoration
of NYCTO with Au nanoparticles should result in increased
dielectric response. Fang et al.33 reported a greatly enhanced 30

� 208 at 1 kHz in the BT–(31 wt%)Ag/PVDF composite with fBT–
Ag ¼ 0.563, while tan d was very large (0.155). It was also re-
ported that a high 30 � 320 at 1 kHz with high tan d � 0.2 was
obtained in (f ¼ 0.2)BT–(f ¼ 0.2)Ni/PVDF composite.34 It is
important to note that the 30 value of the Au–NYCTO/PVDF
composite with fAu–NYCTO ¼ 0.487 was lower than those of the
BT–Ag/PVDF and BT–Ni/PVDF composites. This may be due to
the weakened d-phase (polar phase) in composites.

Obviously, incorporation of small amounts of Au nano-
particles into the composite system can promote interfacial
polarization, giving rise to the increased dielectric response. In
other words, the increased conductivity of the interlayer
between NYCTO and PVDF created by Au nanoparticles
enhances the Maxwell–Wagner–Sillars (MWS) effect.35 tan d

shows a different tendency in low- and high-frequency ranges,
as seen in Fig. 7(b). The tan d values in the low-frequency range
from 102 to 105 Hz are greatly increased with fAu–NYCTO due to
interfacial polarization, which is obviously weakened with
increased frequency. A sharp increase tan d is noted at
frequencies over 105 Hz, which is a typical feature of the glass
transition relaxation of the PVDF matrix.10 In a high-frequency
range, tan d slightly decreased with increasing fAu–NYCTO. It
noteworthy that the enhanced 30 of the Au–NYCTO/PVDF
composites was signicantly increased, while largely increased
tan d was suppressed. 30 and tan d values at 103 and 104 Hz (at
room temperature) of the Au–NYCTO/PVDF composites with
various ller loadings are given in Table 2.
40446 | RSC Adv., 2020, 10, 40442–40449
The temperature dependence of 30 and tan d for the Au–
NYCTO composites with various fAu–NYCTO fractions are illus-
trated in Fig. 8. The 30 value increased with temperature.
Generally, in a low-temperature range, the dipoles freeze and
become resistant to rotation caused by the applied electric
eld.36,37 At higher temperatures, the dipoles can easily be
rotated by an applied electric eld. Hence, polarization can be
fully produced, giving rise to obtain a larger 30. It was observed
that 30 rapidly increased at temperatures higher than 100 �C,
corresponding to greatly increased tan d values. This result can
be attributed to interfacial polarization associated with the
conduction of free charge carriers in the composites.6 A tan d

relaxation peak was observed in the temperature range from
�50 to 0 �C, Fig. 8(b). This relaxation was attributed to the glass
transition temperature of the PVDF polymer.38,39

Fig. 9 shows variations of 30 and tan d for composites as
a function of fAu–NYCTO at room temperature and 1 kHz. 30 of the
Au–NYCTO/PVDF composites continuously and linearly
increased with the content of Au–NYCTO. The signicant
increase in 30 of the Au–NYCTO/PVDF can be ascribed to the
homogeneous dispersion of Au–NYCTO in the PVDF polymer.
Surprisingly, tan d was kept to values lower than 0.1 for all
composites—no abrupt changes in 30 and tan d at any fAu–NYCTO
level was observed. Therefore, no percolation network or
concurrent conducting pathways were formed in the compos-
ites with fAu–NYCTO# 0.487.40,41 Thus, the percolation theory (PT)
cannot be used to explain the dielectric behavior of the Au–
NYCTO/PVDF composites. This may be due to the fact that the
maximum loading of Au nanoparticles in the composites is
7.5 vol%, while the theoretical percolation threshold (fc) of an
This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Temperature dependence of (a) 30, and (b) tan d at 103 Hz of Au–NYCTO/PVDF composites with various contents of Au–NYCTO
composite.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

3:
33

:0
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
insulator-matrix composites lled with the spherical conductor-
nanoparticles is �16 vol% (fc ¼ 0.16).40,41 Basically, the effective
medium theory (EMT), Maxwell–Garnett (M–G), Yamada, and
Lichtenecker models cannot be used to describe the dielectric
behavior of the Au–NYCTO/PVDF composites because these
models were derived without considering the interfacial effect
between the ller and matrix.

Alternatively, a combination of the PT and EMT models, i.e.,
the effective medium percolation theory model (EMPT), may be
more suitable than either model alone.27,42 The EMPT model is
usually used to predict the 30 value of ceramic–metal/polymer
composites (e.g., BaTiO3–Cu/PVDF composites).43 The effective
dielectric permittivity (3eff) of the composites can be expressed
as eqn (1),

3eff ¼

3PVDF

�
1þ fAu�NYCTOð3Au�NYCTO � 3PVDFÞ

3PVDF þ nð1� fAu�NYCTOÞð3Au�NYCTO � 3PVDFÞ
�

����fc � fAu�NYCTO

fc

����
�q
; (1)

where, 3Au–NYCTO � 6701 and 3PVDF � 11 are the experimental
dielectric permittivities of the NYCTO and PVDF polymer
Fig. 9 30 and tan d at room temperature and 103 Hz for Au–NYCTO/
PVDF composites with various contents of Au–NYCTO.

This journal is © The Royal Society of Chemistry 2020
matrix, respectively. n is the ller morphology tting factor of
a ceramic ller. fc and q are the percolation threshold and
a critical component, respectively. As demonstrated in Fig. 10,
the ller volume-fraction dependence of 30 can be well described
by the EMPT model. The calculated 3eff values and the experi-
mental 30 values are consistent. According to the tted result, fc
¼ 0.69, q ¼ 0.1, and n ¼ 0.13. It is important to note that n ¼
0.13 is equal to n ¼ 0.13 for the Na0.5Bi0.5Cu3Ti4O12/PVDF
composites,10 and is comparable to n ¼ 0.11 for the CaCu3Ti4-
O12/PVDF composites.26 As expected, the calculated fc value of
the Au–NYCTO/PVDF composites was higher than the
maximum loading of Au–NYCTO ller with fAu–NYCTO ¼ 0.487.
This composite contained 7.5 vol% Au nanoparticles (fAu ¼
0.075), while the theoretical fc values for the insulator matrix
composites lled with metallic spherical nanoparticles is
16 vol% (fc ¼ 0.16).40 Thus, the rapid change in 30 cannot be
observed in the experimental result. The inset of Fig. 10 shows
the correlation between fAu and fAu–NYCTO. According to the
exponential tted curve, the correlation can be expressed as
eqn (2),

fAu ¼ 0.008 exp(4.609fAu�NYCTO). (2)

By taking fAu–NYCTO ¼ 0.69 ¼ fc, fAu can be roughly calculated
using eqn (2) and obtained to be 0.19. Interestingly, fAu¼ 0.19 is
consistent with the theoretical fc value (0.16). Therefore, it can
be conrmed that the achieved excellent dielectric properties of
the Au–NYCTO ller with fAu–NYCTO ¼ 0.487 should not be
associated with the percolation effect.

When the volume fraction of Au–NYCTO hybrid particles
increased to 0.487, the high-permittivity NYCTO loading and Au
nanoparticles increased. Thus, the rst reason for the increased
dielectric response in the composite was attributed to a very
high 30 of the NYCTO ller particles. The 30 and tan d values at 1
kHz of the two-phase NYCTO/PVDF composite with fNYCTO¼ 0.4
was found to be �66 and 0.099, respectively. The 30 value of the
three-phase composite with fAu–NYCTO ¼ 0.487 (i.e., fAu ¼ 0.075
and fNYCTO ¼ 0.412) was �98. The 30 of the NYCTO/PVDF
composite with fNYCTO ¼ 0.4 can be increased by �48% aer
the addition of 7 vol% Au nanoparticles. The second reason for
the enhanced 30 of the Au–NYCTO/PVDF composite was
RSC Adv., 2020, 10, 40442–40449 | 40447
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Fig. 10 30 (1 kHz) of Au–NYCTO/PVDF composites fitted by EMPT
model. Inset shows the correlation of fAu and fAu–NYCTO; the solid curve
is the best exponential fitting data.
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attributed to the increase in the interfacial polarization inten-
sity. Furthermore, the interparticle distance between the Au–
NYCTO hybrid particles would be shortened as fAu–NYCTO
increased. The effect of micro–capacitor formation was domi-
nant as the dielectric layer (i.e., b-PVDF) between two inner
electrodes (i.e., Au nanoparticles) was thinner, giving rise to the
enhanced capacitance value of the micro–capacitor. Notably,
tan d values of the NYCTO/PVDF and Au–NYCTO/PVDF
composites were nearly the same in value. Thus, the incorpo-
ration of Au nanoparticles has a slight effect on the dielectric
loss. This may be due to the discrete growth of Au nanoparticles
on the surface of NYCTO particles, preventing the direct contact
between Au nanoparticles.6,44–46 It is worth noting that the
dielectric properties of the Au–NYCTO/PVDF composites could
be further improved by adjusting the Au concentration in the
hybrid particles. A higher dielectric response may be achieved
by increasing the Au concentration in the hybrid particles due to
the increased interfacial polarization.
4. Conclusions

PVDF polymer composites incorporating Au–NYCTO hybrid
particles were successfully fabricated. Au nanoparticles were
decorated on the NYCTO surfaces using a modied Turkevich's
method. The polar b-PVDF phase was detected in the compos-
ites, which has an important contribution to the enhanced
dielectric response. The weakened d-phase in composites
inhibited a largely enhanced 30 value. The 30 value at 103 Hz of
the composite with fAu–NYCTO ¼ 0.487 was obtained 97.9, while
tan d was 0.09. According to tted data using the EMPT model,
the percolation behavior was predicted to exist at fAu–NYCTO ¼
0.69 (fAu � 0.19), corresponding to fc ¼ 0.16 for the theoretical
value of the conductor–insulator composites. A largely
enhanced 30 in the Au–NYCTO/PVDF composites was associated
with the interfacial polarization effect and a high 30 of the
NYCTO ceramic ller. The introduction of Au nanoparticles
produced stronger interfacial polarization.
40448 | RSC Adv., 2020, 10, 40442–40449
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