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ABSTRACT: Using high-dielectric inorganic ceramics as fillers can effectively
increase the dielectric constant of polymer-based composites. However, a high
percentage of fillers will inevitably lead to a decrease in the mechanical
toughness of the composite materials. By introducing high aspect ratio copper
calcium titanate (CaCu3Ti4O12) nanowires (CCTO NWs) and graphene as
fillers, the ternary poly(vinylidene fluoride) (PVDF)-based composites
(CCTO NWs−graphene)/PVDF with a significant one-dimensional orienta-
tion structure were prepared by hot stretching. CCTO NWs and graphene are
arranged in a directional manner to form a large number of microcapacitor
structures, which significantly improves the dielectric constant of the
composites. When the ratio of CCTO NWs and graphene is 0.2 and 0.02,
the oriented composites have the highest dielectric constant, which is 19.3%
higher than the random composites, respectively. Numerical simulations
reveal that the introduction of graphene and the construction of the one-dimensional oriented microstructure have a positive effect
on improving the dielectric properties of the composites. This study provides a strategy to improve the dielectric properties of
composite materials by structural design without changing the filler content, which has broad application prospects in the field of
electronic devices.

1. INTRODUCTION
Polymer-based dielectric materials have been widely used in
electrostatic capacitors,1,2 sensors,3,4 pulse power systems,5,6

and other fields due to their high dielectric properties, good
processability, flexibility, and lightweight. For most organic
polymers, the dielectric constant is less than 10. Therefore, the
preparation of nanofillers/polymer composites has become an
effective way to further improve the dielectric properties.7 At
present, the commonly used ceramic fillers include barium
titanate (BT),8−10 titanium dioxide (TiO2),

11−13 and barium
strontium titanate.14,15 In addition, these ceramic nanoparticles
can be transformed into one-dimensional nanowires or two-
dimensional nanosheets to further improve the dielectric
properties of the ceramic-filled composites.16,17 Many studies
have shown that one-dimensional ceramic fillers with high
aspect ratios have greater advantages than spherical ceramic
fillers in enhancing the dielectric constant of composites with
low filler addition. However, regardless of what dimension of
ceramic nanofillers is used, the dielectric constant of
composites can be improved only when the high ceramic
filling amount is greater than 50%, which often leads to the
destruction of mechanical properties of composites. Con-
ductive nanofillers/polymer composites improve the dielectric
properties by regulating the seepage network of the conductive
nanofillers. This is usually considered to be two reasons: one is
the interfacial polarization between the filler with the polymer
matrix and the other is the increase in the effective electrode

surface area caused by the interconnection of nanofiller clusters
near the percolation threshold. The commonly used
conductive nanofillers include metals (silver,18 copper,19

aluminum,20 etc.), carbon materials [graphene,21 single/
multiwalled carbon nanotubes (CNTs),22 carbon fibers,23

etc.], and conductive polymers (polyaniline,24 polypyrrole,25

etc.). However, a high dielectric loss and an uncontrollable
percolation threshold have become the biggest problems that
limit the development and application of conductive nano-
fillers/polymer composites. In order to make up for the above
shortcomings as much as possible, researchers have explored a
series of three-phase composites by adding conductive fillers
and inorganic ceramic fillers to the polymer matrix.26−28

Researchers often use filler surface modification and
macroscopic structure design to further improve the perform-
ance of three-phase polymer-based dielectric materials. By
designing the coating layer microstructure of the nanofillers,
we can effectively improve the dispersion and compatibility of
the nanofillers in the polymer matrix, and the internal defects
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of the composites can be reduced. In addition, it can also
reduce the adverse effects caused by the difference in electrical
properties between the filling phase and the matrix. Starting
from the structural design of composite materials, researchers
have prepared orientation structures, sandwich structures,29−31

multilayer gradient structures,32−34 three-dimensional network
structures,35−38 etc. Song39 et al. prepared Bi2S3/BT/poly-
(vinylidene difluoride) (PVDF) composites with significant
orientation structure by hot stretching, and their dielectric
properties are consistent with those of parallel microcapacitors.
Feng40 et al. used Ti3C2 and hexagonal boron nitride as fillers
to prepare PVDF-based composites with sandwich structures
and excellent dielectric properties at high temperatures. Ma4 et
al. coated CNTs/BT colloids on the polyurethane foam as the
three-dimensional skeleton and prepared a foam-based flexible
capacitive sensor with a wide response range. These findings
fully demonstrate that the design and establishment of the
composites’ macroscopic structure can effectively improve
their dielectric properties.
Here, we synthesized copper calcium titanate (Ca-

Cu3Ti4O12) nanowires (CCTO NWs) with a high aspect
ratio by a two-step hydrothermal method and introduced a
small amount of graphene as the second filler, and then a novel
oriented ternary (CCTO NWs−graphene)/PVDF composite
architecture was constructed via a hot stretching process.
Under the action of external force, CCTO NWs and graphene
are aligned to form numerous microcapacitor structures, which
endows three-phase polymer-based orientation composites
with high dielectric constant and low dielectric loss. At the
same time, the low filler content (only 22% of the PVDF
matrix mass) maintains excellent mechanical properties of the
polymer-based dielectric materials.

2. EXPERIMENTAL SECTION
2.1. Materials. TiO2 nanopowder and copper nitrate

trihydrate [Cu(NO3)2·3H2O] were purchased from Aladdin.
Calcium acetate monohydrate [Ca(CH3COO)2·H2O] was
purchased from Innochem. γ-Aminopropyl-triethoxysilane
(KH550) was bought from J&K Chemicals. N,N-Dimethylfor-
mamide (DMF) was supplied by Beijing Tongguang Fine
Chemical Company. Graphene slurry was provided by
MORSH. PVDF was purchased from Kureha Chemical,

Japan. All the chemicals were of analytical grade and used
without further purification.
2.2. Fabrication of Oriented Ternary (CCTO NWs−

Graphene)/PVDF Composites. The synthesis of CCTO
NWs was performed through a two-step hydrothermal
reaction, details of which can be obtained from our earlier
reported work.41,42 The related performance tests are shown in
Figures S1 and S2. Figure 1 shows the processing flow diagram
of ternary (CCTO NWs−graphene)/PVDF composites with
random/oriented structures. In order to facilitate the weighing
and calculation, the composite materials were named in the
form of proportions. When the mass of the matrix was 1 g, the
mass of CCTO NWs was x, and the mass of graphene was y, it
was named (xCCTO NWs−ygraphene)/PVDF. In this
experiment, the ternary composites were designed with the
CCTO NWs content fixed at 0.2 and changing the content of
graphene from 0 to 0.02. Before fillers were incorporated into
PVDF, CCTO NWs were modified by mixing with 1 wt %
KH550 in ethanol (Figure S3). First, a certain mass of
graphene slurry was added to 15 mL of DMF solvent and
ultrasonically peeled for 4 h to form a uniform graphene mixed
solution (Figures S4 and S5), and then PVDF pellets were
added to it to form a uniform suspension A, heated, and stirred
at 70 °C. A certain mass of CCTO NWs was added in DMF
solvent and ultrasonically peeled for 30 min to obtain mixed
solution B. A and B were mixed, stirred, and ultrasonically
dispersed for 1 h to prevent the agglomeration of CCTO NWs
and graphene. The mixed solution was then heated at 80 °C to
remove the excess solvent. The dried product was placed in a
mold and hot-pressed at 180 °C to obtain random ternary
composites. The oriented ternary composites were prepared by
a simple thermal stretching process. First, the samples were
placed on a 160 °C hot press, and a certain pressure was
applied to fix them. The samples were uniaxially stretched in
the horizontal direction. The stretched samples were placed
into the mold along the direction of the tensile force,
recompressed at 180 °C, and then continued to be stretched
along the tensile direction at 160 °C. This process was
repeated 4 times. Finally, the ternary composites with random/
oriented structures and different filler contents were prepared,
which were named (0.2CCTO NWs−ygraphene)/PVDF (y =
0, 0.0025, 0.005, 0.0075, 0.01, and 0.02).

Figure 1. Processing flow diagram of ternary (CCTO NWs−graphene)/PVDF composites with random/oriented structures.
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2.3. Characterization. The morphology of CCTO NWs
and the cross-sectional microstructures of ternary composites
were observed through scanning electron microscopy (SEM,
MAIA3 TESCAN). The remaining microstructures were
obtained using a transmission electron microscope (FEI
Tecnai G2 F20 460L) at an acceleration voltage of 300 kV.
Dielectric properties were measured by an Agilent 4294A with
a 16451B fixture, in the frequency range from 40 to 30 MHz at
room temperature. The crystalline structure and phase
morphology of the filler and nanocomposites were charac-
terized by an X-ray diffraction (XRD) instrument (ESCALAB
250). Differential scanning calorimetry (DSC, NETZSCH
203) was carried out under a nitrogen atmosphere to measure
the phase change of the composite before and after stretching.
The chemical structure of samples was analyzed by Fourier
transform infrared (FTIR) spectroscopy (Bruker Tensor-27)
in the range of 500−4000 cm−1. Raman spectra were recorded
at room temperature on a LABRAM-010 confocal laser micro-
Raman spectrometer (Jobin Yvon).
2.4. Finite-Element Simulation. The electric field and

electric displacement vector of binary/ternary composites with
random/oriented structures were simulated by two-dimen-
sional models established by the finite-element method. A
series of clear two-dimensional idealized models were
established to simulate the electric field and the electric
displacement vector of binary/ternary composites with
random/oriented structures. The CCTO NWs were set as
10 rectangular regions (length: 10 μm; width: 0.3 μm), and the
relative dielectric constant was 105. The graphene sheets were
set as 25 rectangular regions (length: 6 μm; width: 0.1 μm),
and the relative dielectric constant was 109. PVDF was set to a
continuous rectangular area (length: 50 μm; width: 30 μm),
and the relative dielectric constant was 10. For the remaining
parameters, one can refer to the material library data. A voltage
of 300 V was applied in the vertical direction of the composite
model.

3. RESULTS AND DISCUSSION
As presented in the cross-sectional SEM images of oriented
xCCTO NWs/PVDF composites (x = 0.1, 0.2, 0.3, and 0.4)
(Figure 2a−d), the CCTO NWs are aligned along the
direction of the external force. This indicates that when the

PVDF is in a semimolten state, a uniaxial tensile force can be
applied to the composite material to cause the movement of
the filler in the microscopic state so that the CCTO NWs are
oriented along the direction of the tensile force. When the
additional amount of CCTO NWs is increased from 0.1 to 0.4,
the spacing between CCTO NWs becomes more minor, but
the overall arrangement is still in the direction of tension. The
system has no apparent agglomerations and defects, showing
good compatibility. This is mainly due to the interaction of
small molecular groups on the surface of CCTO NWs, which
prevents the mutual contact between CCTO NWs.
Figure 3 shows the cross-sectional SEM images and

microstructure diagram of the oriented (0.2CCTO NWs−
ygraphene)/PVDF composites (y = 0.005, 0.01, and 0.02) with
graphene content increasing. As shown in Figure 3a−c, both
the CCTO NWs and graphene are aligned along the direction
of the external force. Graphene exhibits a directional layer-by-
layer distribution in the stretching direction, and CCTO NWs
are also uniformly dispersed between graphene, forming a
graphene−CCTO NWs−graphene like a microcapacitor
structure. As the amount of conductive filler increases from
0.005 to 0.02, the layer-by-layer parallel distribution of
graphene sheets becomes more apparent. The spacing between
the graphene sheets gradually becomes smaller, and the
overlapping area of the sheets increases, which is beneficial
to improving the microcapacitors’ performance. This signifi-
cant change in microstructure can be clearly seen in Figure 3d.
Applying uniaxial tensile strain will change the polymer

matrix’s molecular structure and the fillers’ distribution. The
material’s structural anisotropy due to the macroscopic stress
will cause the anisotropy of the material’s dielectric properties.
Dielectric properties perpendicular to the tensile direction of
the prepared xCCTO NWs/PVDF composites (x = 0, 0.1, 0.2,
0.3, and 0.4) and ygraphene/PVDF composites (y = 0, 0.0025,
0.005, 0.0075, 0.01, and 0.02) were tested, and the optimal
ratio of these two fillers was determined. The relevant data
obtained from the test are clearly shown in Figure 4a−d and
Tables S1 and S2. CCTO NWs with a high aspect ratio have a
higher dipole moment and dielectric constant, so the dielectric
constant of the composites increases with the increase of the
CCTO NWs ratio. At the same CCTO NWs ratio, the
dielectric constant of the oriented composites is slightly lower
than that of the random composites (Figure 4a). This
phenomenon may be connected with the reason that the
random composites possess a stronger dipole polarization in
the through-plane direction in the direction perpendicular to
the electric field, and the directional arrangement of CCTO
NWs caused by thermal stretching reduces the polarization of
the composites.43 It can be seen from Figure 4b that the
dielectric loss of the composites at 1 kHz is not more than
0.05, which is at a low level. This can be explained by the low
amount of CCTO NWs added, and the surface modification of
KH550 makes fillers and the matrix have good compatibility.
The dielectric loss of the oriented composites is slightly lower
than that of the random composites, which is mainly because
the directional arrangement of the CCTO NWs reduces the
polarization of the system and the dielectric loss. At 1 kHz
(Table S1), when the CCTO NWs ratio is less than 0.3, the
dielectric loss value of the composites is lower than that of
pure PVDF, which is because the addition of CCTO NWs
reduces the number of dipoles in PVDF. When the CCTO
NWs ratio exceeds 0.3, the dielectric loss caused by CCTO

Figure 2. Cross-sectional SEM images of oriented (a) 0.1CCTO
NWs/PVDF, (b) 0.2CCTO NWs/PVDF, (c) 0.3CCTO NWs/
PVDF, and (d) 0.4CCTO NWs/PVDF composites.
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NWs is higher than that caused by PVDF dipole reduction, so
the dielectric loss of the composites increases.
Graphene nanosheets have an extremely high specific surface

area and electrical conductivity. Therefore, a small amount of
graphene can be used to composite with the PVDF matrix to

effectively improve the dielectric constant of the composites
effectively. However, the low percolation threshold of graphene
often leads to a high dielectric loss. It can be seen from Figure
4c,d that when the amount of graphene added is less than 0.02,
it has little effect on the dielectric constant of graphene/PVDF

Figure 3. Cross-sectional SEM images of oriented (a) (0.2CCTO NWs−0.005graphene)/PVDF composites, (b) (0.2CCTO NWs−
0.01graphene)/PVDF composites, and (c) (0.2CCTO NWs−0.02graphene)/PVDF composites. (d) Microstructure diagram of the ternary
oriented composites with graphene content increasing.

Figure 4. (a) Dielectric constant and (b) dielectric loss of xCCTO NWs/PVDF composites (x = 0, 0.1, 0.2, 0.3, and 0.4). (c) Dielectric constant
and (d) dielectric loss of ygraphene/PVDF composites (y = 0, 0.0025, 0.005, 0.0075, 0.01, and 0.02). (e) Dielectric constant and (f) dielectric loss
of (xCCTO NWs−ygraphene)/PVDF composites (x = 0, 0.2; y = 0, 0.0025, 0.005, 0.0075, 0.01, and 0.02).
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binary random composites, and all samples have a dielectric
loss value of less than 0.05. With the increase of graphene
content to 0.02, the dielectric constant and dielectric loss of
the binary random composites at 1 kHz increased to 14.69 and
0.063, respectively. The graphene content did not reach the
percolation threshold of the system. Similarly, the dielectric
constant of graphene/PVDF binary oriented composites also
increases with the increase in the graphene content. The
improvement of the dielectric constant is mainly related to
successful microstructure construction. The graphene nano-
sheets are dispersed in parallel in the PVDF matrix, and a large
number of graphene−PVDF−graphene layered structures are
formed inside the oriented composites, which is similar to the
nanocapacitor structure. With the increase in graphene
content, the number of nanocapacitors also increases, and
each nanocapacitor structure contributes to the final dielectric
properties of the composites. Comparing the dielectric
properties of random and oriented composites at 1 kHz
(Table S2), it can be found that the dielectric constant of
oriented composites is slightly lower than that of random
composites at the same graphene ratio. Taking 0.02graphene/
PVDF composites as an example, the dielectric constant value
decreased from 14.69 to 12.55 and the dielectric loss value
decreased from 0.063 to 0.029 after thermal tensile orientation
treatment. The reason for this phenomenon can be explained
by seepage theory. During the hot tensile orientation process,
the agglomerated graphene nanosheets are dispersed and the
conductive pathways inside the material are destroyed, which
leads to a slight decrease in the dielectric constant of the
oriented composites. The parallel arrangement of graphene
nanosheets suppresses the leakage current in the system;
therefore, the dielectric loss of the composites is significantly
reduced.
The frequency dependence of the dielectric constant and

dielectric loss of (xCCTO NWs−ygraphene)/PVDF compo-
sites (x = 0 and 0.2; y = 0, 0.0025, 0.005, 0.0075, 0.01, and
0.02) are shown in Figure 4e,f. It can be observed that as the
graphene ratio increases, the dielectric constant of the ternary
composites shows a gentle trend. When the graphene ratio is
0.02, the dielectric constant has a particularly significant
increase. The dielectric loss of ternary composites is
maintained at a low level (less than 0.05 at 1 kHz). It can
be clearly seen that the dielectric constant of the unoriented
(0.2CCTO−0.02graphene)/PVDF composites is 143.6% of
the 0.2CCTO/PVDF composites and even 125.6% of the
0.4CCTO/PVDF composites. Similarly, the dielectric con-
stants of (0.2CCTO−0.02graphene)/PVDF oriented compo-
sites are 179.4 and 149.3% of the corresponding samples. To
more intuitively understand the changes in the dielectric
properties of the composites before and after thermal
stretching, the dielectric constant and dielectric loss values at
1 kHz were analyzed (Table S3). The orientation of CCTO
NWs and graphene in the direction perpendicular to the
electric field causes the oriented composites to have a higher
dielectric constant and a lower dielectric loss than the random
composites. The oriented arrangement of graphene and
CCTO NWs forms a large number of graphene−CCTO
NWs−graphene and graphene−PVDF−graphene layered
structures, which are similar to many microcapacitors in series
and parallel, so the dielectric constant of the composites is
effectively increased.23 This phenomenon is more obvious
when the content of graphene is relatively high. In addition,
the layer-by-layer aligned graphene and CCTO NWs avoid

contact between the fillers in the direction perpendicular to the
electric field, hinder the formation of conductive paths, and
inhibit the dielectric loss to a certain extent.
To explore the effect of uniaxial hot stretching on the crystal

form of the composite materials, an XRD test was performed
on the materials. PVDF is a semicrystalline thermoplastic
fluoropolymer with five different crystalline phases (α phase, β
phase, γ phase, δ phase, and ε phase); among them, the β
phase is of great interest because of its polar crystalline-
electroactive nature. It can be seen from Figure 5 that the

characteristic peaks of the PVDF observed at 2θ = 17.8, 18.6,
20.1, and 26.7° are strong and sharp, indicating that the crystal
form in pure PVDF mainly exists in the α phase. Since the α
crystal phase is nonpolar and paraelectric and the β crystal
phase is ferroelectric, the β crystal phase in the PVDF crystal
structure has an important influence on the dielectric
properties of the PVDF composites. In order to explore
whether there is β phase in the ternary composite material, a
series of (0.2CCTO NWs−ygraphene)/PVDF composites (y =
0.005, 0.01, and 0.02) before and after thermal stretching were
tested by XRD. No significant β phase was observed on the
XRD pattern, which can be attributed to the fact that the β
phase is usually formed during compression or stretching at
temperatures far below the melting point. Therefore, it can be
inferred that the significant increase in the dielectric constant
of the ternary orientation composite is derived from the
formation of its microscopic parallel arrangement structure,
which is not caused by the change in the PVDF matrix crystal
phase during the stretching process.
In order to more clearly illustrate the influence of one-

dimensional orientation on the dielectric properties of
composites, the electric field [Figure 6(a-1−d-1)] and electric
displacement vector [Figure 6(a-2−d-2)] of binary/ternary
composites with random/oriented structures were studied by
finite-element simulation. Table 1 shows the average electric
displacement vector of the four sample models, and the
calculation was completed by COMSOL software. When only
CCTO NWs were included in the composite system, the
dielectric constant of CCTO NWs/PVDF-O with a one-
dimensional orientation structure was slightly smaller than that
of CCTO NWs/PVDF-R with a random distribution. When
CCTO NWs changed from random distribution to one-
dimensional orientation, the increase of interfacial polarization

Figure 5. XRD images of the (0.2CCTO NWs−ygraphene)/PVDF
composites (y = 0.005, 0.01, and 0.02) before and after thermal
stretching.
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caused the decrease of the internal electric field of CCTO
NWs, and the average electric displacement vector decreased
slightly, so the dielectric constant of CCTO NWs/PVDF-O
composites decreased slightly. After adding graphene as a
conductive filler to composites and conducting one-dimen-
sional orientation, the interfacial polarization between
graphene and the PVDF matrix increased significantly due to
the increase of the interface perpendicular to the electric field
direction, thus improving the dielectric constant of the
composite materials. When CCTO NWs and graphene were
included in the composite system, the dielectric properties

were affected by the above two factors. In the range of
graphene content described in this experiment, the increase of
interfacial polarization caused by graphene lamellar orientation
plays a major role in improving the dielectric constant of
composites. The average electric displacement vector of
(CCTO NWs−graphene)/PVDF-O with significant one-
dimensional orientation structure is higher than that of
(CCTO NWs−graphene)/PVDF-R with a random distribu-
tion structure, so the (CCTO NWs−graphene)/PVDF-O
ternary orientation composite has a higher dielectric constant.
It can be seen that the electric field distortion in the
composites is obvious when it is not oriented, and the one-
dimensional orientation can effectively limit the degree of
electric field distortion.

4. CONCLUSIONS
A strategy to obtain a high dielectric constant is demonstrated
in the novel ternary (CCTO NWs−graphene)/PVDF
composites, featuring the oriented CCTO NWs and graphene
embedded in the PVDF matrix through a hot stretching
process. Through the simultaneous introduction of conductive

Figure 6. Two-dimensional models of binary/ternary composites with random and oriented structures were established: (a) CCTO NWs/PVDF-R
composites, (b) CCTO NWs/PVDF-O composites, (c) (CCTO NWs−graphene)/PVDF-R composites, and (d) (CCTO NWs−graphene)/
PVDF-O composites. Simulated distribution of (a-1−d-1) electric field and (a-2−d-2) electric displacement vector.

Table 1. Average Electric Displacement Vector (C/m2)

sample
average electric displacement vector

(C/m2)

CCTO NWs/PVDF-R 0.8617
CCTO NWs/PVDF-O 0.8404
(CCTO NWs−graphene)/
PVDF-R

0.9058

(CCTO NWs−graphene)/
PVDF-O

0.9859
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nanofillers and high dielectric ceramic nanofillers, three-phase
composites can obtain excellent dielectric properties, and their
properties are far beyond pure percolation and filled polymer-
based dielectric materials. At 1 kHz, the dielectric constant of
the (0.2CCTO−0.02graphene)/PVDF oriented composite
material is 22.33, and the dielectric loss is 0.0352. Compared
with the random ternary composites, the oriented composites
show a greatly increased dielectric constant, and the dielectric
loss is suppressed due to the arrangement of CCTO NWs and
graphene perpendicular to the electric field direction. The
study demonstrates that through reasonable structural design, a
balance between high dielectric constant and low loss is
achieved in the case of less filler content. The results of this
study may provide a feasible strategy to promote the
development of high-performance polymer-based composites
by adjusting the distribution of the fillers in the matrix without
changing the content.
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