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ABSTRACT: The flexible metacomposites with tunable negative permittivity
have great potential in wearable cloaks, stretchable sensors, and thin-film
capacitors, etc. In this paper, the flexible graphene/polydimethylsiloxane (GR/
PDMS) metacomposites with tunable negative permittivity were prepared by
an in situ polymerization method. The ac conductivity behavior, dielectric
property, and impedance performance of the resulting composites with
different graphene mass ratios (0−4 wt %) were studied. With the increase of
graphene, the conductive mechanism of the resulting composites changed
from hopping conduction to electron conduction, along with the change of
microstructure. When graphene content in the composites came up to 3 wt %,
the negative permittivity conforming to Drude model was observed. Further
investigation revealed that there is a corresponding relationship between the
permittivity and the reactance. It is demonstrated that the inductive character
is responsible for the negative permittivity, while the capacitive character results in the positive permittivity.

1. INTRODUCTION

When it comes to dielectric constant, it traditionally means
positive permittivity, which describes the interaction of a
material with an electric field. In recent years, the materials
with negative permittivity (i.e., the ε-negative materials) have
been a research hotspot, owing to their great potential
applications in negative capacitance field effect transistors,1

coil-free resonators,2 novel capacitors,3 and high-power
microwave filters,4 etc.
Actually, the negative permittivity behavior has triggered

considerable interest since the appearance of the electro-
magnetic metamaterials,5−7 which are made of periodically
structural units. As compared with the conventional materials,
the properties of electromagnetic metamaterials are mainly
dependent on their periodic structures including shape, size,
and orientation of the units rather than on their intrinsic
compositions and microstructures.8 As a supplement and
extension for the artificially electromagnetic metamaterials, the
“real” materials with negative permittivity fabricated by a
versatile and universal technique in materials field have aroused
in the researcher a wide range of interest.9−11 These ε-negative
materials are termed as intrinsic metamaterials or metacompo-

sites,12 which can facilely and effectively achieve their tunable
properties by adjusting their compositions and microstruc-
tures. Additionally, metacomposites possess an isotropic
electromagnetic response owing to their homogeneous
structure.13 Hence, metacomposites have become a burgeon-
ing research focus in recent years.14−18

Definitely, the negative permittivity was early observed in
metals derived from the plasma oscillation of electrons,19 but
the absolute values of negative permittivity are too gigantic in
radio frequency due to the ultrahigh electron density in metals.
Meanwhile, the loss of metals is more tremendous than the
permittivity, leading to the fact that the complex permittivity is
approximately an imaginary value in radio frequency. The
strong negative permittivity and huge dissipation are
unexpected for metal materials’ applications and performance,
such as impedance mismatching.20 In fact, the weakly negative
permittivity with a small absolute value can be applied to novel
capacitors with high permittivity and perfect absorption.21,22
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For instance, Shi et al.23 have designed a bilayer structure
composed of a weakly negative permittivity and a positive
permittivity to obtain a novel capacitor with high permittivity
and low dissipation. To overcome the obstacles of the strongly
negative permittivity in practical applications, there is an
urgent requirement in reducing the plasma frequency of metals
to microwave frequency region. In our previous investigations,
the metal particles (such as Ni,24 Fe,25 Ag,26 Cu,27 and
alloys28) were embedded into the insulating ceramic matrix to
dilute the electron density, and a low frequency plasmonic
state was observed. Afterward, the polymer-based metacompo-
sites with metal particles or conductive polymers have also
been fabricated and realized the negative permittivity.29−32

It is suggested that the negative permittivity and the plasma
frequency are closely related to the free carrier density of the
conductive fillers.33 Compared with that of metal and
conductive polymers, carbon materials possess moderate
electron density and can be a preferable substitute for negative
permittivity.34 As a novel two-dimensional carbon material,
graphene can become a promising candidate to realize the
negative permittivity due to their unique electrical property.35

In fact, it is feasible to achieve negative permittivity behavior in
ceramic-based composites by taking advantage of gra-
phene.18,36

Compared to the ceramic-based metacomposites with
negative permittivity, the polymer-based metacomposites
endowed with excellent flexibility have an overwhelming
advantage in processing and application especially in flexible
electronic devices, wearable cloaks,37 stretchable sensors,38 and
thin-film capacitors.39 Therefore, this paper is devoted to the
study of flexible metacomposites with tunable negative
permittivity. Interestingly, graphene, the desirable candidate
for negative permittivity, can also be widely used in the flexible
electronic devices owing to their excellent conductivity, high
carrier mobility, and good mechanical flexibility.40 As a result,
graphene was chosen as the functional composition.
Furthermore, it is worth noting that an appropriate substrate
plays a significant role in the flexible metacomposites.
Currently, thermoplastic elastomer, polyurethane, and silicone
rubber can be regarded as a flexible substrate.41−43 As a typical
representative of silicone rubber, polydimethylsiloxane
(PDMS) is a suitable hosting matrix for the flexible, wearable,
and stretchable devices, due to its outstanding elasticity,
deformation resistance, nonflammability, biological compati-
bility, high weatherability, and convenient preparation.44

In this paper, we proposed to choose PDMS and conductive
graphene as the matrix and functional fillers to fabricate the
flexible GR/PDMS metacomposites by an in situ polymer-
ization process. In addition, their conductivity behavior,
dielectric properties, and impedance performance were also
investigated. As the content of graphene increased, the
percolation phenomenon appeared and the conductive
mechanism of the resulting composites changed. Interestingly,
a negative permittivity conforming to Drude model was also
observed. Further investigation revealed that there is a
corresponding relationship between the permittivity and the
reactance from the perspective of a microcircuit.

2. EXPERIMENTAL SECTION
2.1. Materials and Fabrication. In this work, the flaky

graphene powders (purity ∼99.7%, average thickness is 4−7
nm and average diameter is ∼80 μm) were purchased from
Nanjing JCNANO Technology Co., Ltd. (China). The Sylgard

184 silicone elastomer kit (Dow Corning Company, USA)
including the silicone elastomer base (Sylgard 184A) and
curing agent (Sylgard 184B) was used to prepare the flexible
PDMS matrix. The normal heptane (n-heptane, purity
∼99.9%) solvent was purchased from Thermo Fisher Scientific
Co., Ltd. (China). All materials are used directly without any
further treatment. The flexible GR/PDMS metacomposites
were fabricated by an in situ polymerization method. The
detailed preparation process was described as follows.
The silicone elastomer base, curing agent, and n-heptane

were mixed in the beaker with a mass radio of 10:1:10 and
stirred for 10 min using a magnetic stirrer. Subsequently, the
graphene sheets with different mass ratios (0, 1, 2, 3, and 4 wt
%, respectively) were weighed and added into the afore-
mentioned mixture. In order to avoid the agglomeration of
graphene and improve the dispersion of mixture, the slurry was
ultrasonically treated and stirred repeatedly at room temper-
ature (RT). After the flaky graphene powders were uniformly
and thoroughly dispersed in the polymer matrix, the mixed
suspension was poured into a rubber mold at a constant speed.
Then the mold of the mixed suspension was put into a vacuum
drying oven and cured at 393 K for 100 min. After that, the
flexible matrix PDMS was totally cured, and the GR/PDMS
composites were successfully fabricated.

2.2. Characterizations and Measurements. The micro-
structure of the resulting composites was observed by field
emission scanning electron microscope (FESEM; Zeiss Sigma
500, Germany). The phase analysis of samples was detected by
X-ray diffraction (XRD; PANalytical X’Pert PRO, The
Netherlands), and the diffraction angle was in the range of
10° < 2θ < 90°. The Fourier transform infrared (FT-IR)
spectra of the samples in the range of 500−4000 cm−1 were
obtained by FT-IR spectroscopy (Thermo Scientific Nicolet IS
10, USA) at a resolution of 4 cm−1. The Raman spectra in the
range of 1200−2800 cm−1 were measured by a Raman
microscope (Renishaw Invia, U.K.) equipped with a 514 nm
laser excitation.
The permittivity spectra of the GR/PDMS composites were

measured by a parallel plate method using a LCR meter
(Keysight E4980AL, USA) from 20 Hz to 1 MHz. Platinum
films were sputtered on both sides of the samples to reduce the
measurement error derived from the air gap. The upper
electrode was processed into annulus to eliminate the stray
capacitance derived from the edge of the sample. Before
testing, the stray admittance and residual impedances of the
test fixtures should be eliminated by the open and short
compensation, respectively. After that, the electrodes were
adjusted to be in parallel, and then the samples contacted the
two electrodes for measurement. The permittivity and ac
conductivity can be calculated using the measured capacitance
C and resistance R, which can be described as follows,

tC
Ar

0
ε

ε
′ =

(1)

t
RAacσ =

(2)

where the εr′ and σac are permittivity, ac is conductivity, and t,
A, R, and C are the thickness of the sample, the area of the
electrode, the measured resistance, and capacitance, respec-
tively, and ε0 is the permittivity of vacuum (8.85 × 10−12 F/m).
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3. RESULTS AND DISCUSSION
The FT-IR spectra of GR/PDMS metacomposites with
different content of graphene are shown in Figure 1. For the

pure PDMS, a telescopic vibration peak appeared at about 790
cm−1, which resulted from the in-plane bending or scissoring of
the Si−CH3 bond. Meanwhile, when the wavenumber was
located at about 1259 cm−1, a deformation vibration peak was
observed mainly due to the out-of-plane oscillations of the Si−
CH3 bond.

45 In addition, the twin-peak was observed at about
1100 and 1020 cm−1, which was attributed to the asymmetric
and symmetric stretching vibration of the two neighbor
siloxane bonds (shown as Si−O−Si).46 At about 2960 cm−1,
a telescopic vibration peak corresponding to the methyl was
observed, which was associated with the asymmetric stretching
vibration. Compared with that of pure PDMS, the character-
istic peaks in GR/PDMS composites were also observed at the
corresponding position, which indicated that there was no
reaction between PDMS and graphene during the synthesis
process.
Figure 2 shows the Raman spectra of GR/PDMS composites

with different graphene loadings. As is well-known, the Raman

spectrum of graphene consists of several bands, mainly
including three characteristic bands: D band, G band, and G′
band (also called 2D band). A distinct G band was observed at
∼1580 cm−1 in GR/PDMS composites, and the intensity of
the G band gradually increased with the increase of graphene.
The G band was determined by the internal vibrations of the
sp2 carbon atom and was associated with highly ordered
graphite. Meanwhile, the G′ band originating from a double
resonance process appeared at ∼2700 cm−1, which reflected
the characteristic of few-layer graphene. In GR/PDMS

composites, the G′ band was wider and lower than that of G
band. Moreover, the D band was not distinct in these Raman
spectra. The very weak D band intensity indicated that the
edge defects of the selected graphene were very few.47 With the
increase of graphene, there was no shift for the G band and G′
band in the composites (shown as the dotted lines), indicating
that the PDMS has no effect on the microstructure of graphene
during the polymerization process.
The XRD patterns and SEM images of GR/PDMS

composites are presented in Figure 3. As shown in Figure
3a, the amorphous structure with a wide peak appeared at
about 12°, which was related to the minicrystal diffraction of
PDMS. When graphene was incorporated into the matrix, the
characteristic peak was observed at about 26.5°, indicating a
high graphitization. As graphene content increased, the peak of
graphene in the resulting composites still remained at the
corresponding position. Meanwhile, the diffraction intensity of
graphene was gradually enhanced. Figure 3b presented the
microstructure of pure graphene with a laminate structure. The
microstructures of GR/PDMS composites were shown in
Figure 3c−f. When graphene sheets were at a low loading level,
they were randomly distributed in PDMS matrix. The inset in
Figure 3c is the partial enlarged view of the microstructure,
which exhibited that the flaky graphene got together and was
surrounded by the matrix. Therefore, graphene sheets were
hardly to be observed from the surface of the resulting
composites. With the increase of graphene, the graphene sheets
gradually connected with each other and formed a network. As
shown in Figure 3e, the PDMS (bright) and the graphene
(dark) were uniformly distributed and matched well. It can be
seen that the isolated graphene sheets eventually established a
three-dimensional network throughout the composites. With
further increasing of the graphene content, the connectivity
among the graphene sheets got enhanced (Figure 3f).
Moreover, the GR/PDMS composites with high graphene
content (4 wt %) still maintained excellent flexibility, as shown
in the inset of Figure 3f. It is well-known that the physical
properties of the composites will undergo an abrupt transition
along with the percolation phenomenon of microstructure.48

Therefore, the electrical conductivity and permittivity are
further studied as follows.
Figure 4 shows the ac conductivity σac spectra of GR/PDMS

composites with different mass ratios of graphene. At the
outset of test frequency, the conductivity of the resulting
composites got enhanced with the increase of graphene. For
the samples with lower content of graphene, the trend of σac
went up as the frequency increased. The variation trend
signified that the electrical conductivity spectra obeyed
Jonscher’s power law.49 As shown in Figure 4, the measured
results were in good agreement with the fitted data, which
conformed to the power law. Although some graphene sheets
got together and formed clusters, the conductive network can
be hardly established when the content of graphene was at a
low level. Hence, the electrons in GR/PDMS composites
migrated in the formation of discontinuous hopping. It is
manifested that the electrons can gain more energy in high
frequency, thereby contributing to their hopping conduction,
which leads to the increase of electric conductivity. After GR/
PDMS composites reached a percolating state, the conductivity
was gradually decreased in a higher frequency region due to
the skin effect.25 As shown in Figure 3, a continuous network
was eventually constructed when the content of graphene
reached 3 wt %, so the electrons can make a long-range motion

Figure 1. FT-IR spectra of GR/PDMS composites with different
graphene content (0−4 wt %).

Figure 2. Raman spectra of GR/PDMS composites with different
graphene loadings.
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along the conductive pathways and the resulting composites
exhibited a conduction behavior. That is, the conductive
mechanism of the resulting composites changes from hopping
conduction to electron conduction with the increase of
graphene. A similar phenomenon was also observed in
CaCu3Ti4O12 ceramic-based composites with carbon materi-
als.50

The permittivity spectra of GR/PDMS composites are
shown in Figure 5. The dielectric constant of pure PDMS was
very small and weakly dependent on frequency. When the
conductive graphene was incorporated into the insulating
PDMS matrix, the space charges surrounded the interfaces
between graphene and PDMS and gave rise to the enhance-
ment of interfacial polarization, which played a dominant role
in the polarization of the dipoles. As is well-known, the
dielectric property of a medium was attributed to its
polarizability, so the dielectric constant of the resulting
composites was remarkably increased compared with that of
pristine PDMS (Figure 5a). This phenomenon was also called
Maxwell−Wagner−Sillars effect,51 which was widespread in
the conductor−insulator composites. With further increasing
of the content of graphene, the permittivity of GR/PDMS
composites measured at the outset of test frequency region can
reach about 100. As mentioned above, the conductive
mechanism underwent an abrupt transition along with the
percolation phenomenon of microstructure. Interestingly, the
permittivity converted from positive to negative (Figure 5b),
when GR/PDMS composites reached a percolating state.
Under the action of an external electric field, the negative
permittivity of GR/PDMS composites conformed to the

Figure 3. XRD patterns (a) and SEM images (b−f) of GR/PDMS composites with 0, 1, 2, 3, and 4 wt % graphene. The inset in (c) is the partial
enlarged view and the inset in (f) shows the good flexibility of GR/PDMS composites with 4 wt % graphene.

Figure 4. The ac conductivity spectra of GR/PDMS composites. The
solid lines in (b) show the fitted results based on the Jonscher’s power
law.
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Drude model, which can be described by the following
equation,19

( ) 1r
p

2

2 2ε ω
ω

ω ω
′ = −

+ τ (3)

ne
mp

2

0
ω

ε
=

(4)

where ω is the test angular frequency, ωp is the plasma angular
frequency, ωτ is the collision frequency (the inverse relaxation
time 1/τ), m is the effective mass, n is the effective electron
density, ε0 is the vacuum permittivity, and e is the electron
charge (1.6 × 10−19 C).
The electrons can generate a collective harmonic oscillation

under the action of an alternating electric field due to the
restoring force from the separation of positive and negative
charges, which is also called plasma oscillation. For pure metal
materials, the negative permittivity can be observed below the
plasma oscillation frequency. As is well-known, the electron
density in pure metals is ultrahigh, so their plasma oscillation
frequency of pure metals is commonly located in the visible or
near-ultraviolet region.52 Especially in the radio frequency
region, the absolute values of the negative permittivity are very
huge (usually 105−106), while the dissipation is much
greater,53 indicating that the complex permittivity is essentially
imaginary.
For metal materials, their two-dimensional plasmon behavior

follows the relationship ωp ∝ n1/2 (n is the electron density).
For graphene, the relationship between plasma oscillation
frequency and electron density follows ωp ∝ n1/4,54 which is
ascribed to its unique electronic energy dispersion and band
structure.55 On the other hand, carbon materials possess much

lower intrinsic electron density. When graphene is embedded
in the insulating matrix, their electron density was further
diluted. Therefore, compared with those of metal materials, the
plasma oscillation frequency of GR/PDMS composites is
dramatically reduced to the microwave frequency region.
Meanwhile, the absolute values of GR/PDMS composites
remarkably decreased compared with those of metal materials.
In order to further clarify the internal mechanism of negative
permittivity from the view of microelectronics, the relationship
between the permittivity and the reactance was studied
according to the equivalent circuit analysis in the following
section.
Figure 6 shows the reactance spectra of GR/PDMS

composites with positive and negative permittivity, respec-
tively. For the composites with positive permittivity behavior,
the reactance was negative in the overall test frequency range
(Figure 6a). It means that the voltage phase falls behind the
current phase, indicating a capacitive character. As is well-
known, the capacitive reactance is inversely proportional to the
test frequency, so the absolute values of the reactance gradually
decreased with the increment of frequency. When graphene
content was above the percolation threshold, the positive
reactance is proportional to the frequency of electric field
(Figure 6b), indicating an inductive character.
In order to verify the reactance character as mentioned

above, the equivalent circuit analysis was performed by the
ZSimpwin software.10 The optimal equivalent circuit was
determined by the χ2 value, which signifies the precision of the
selected equivalent circuit model. The fitted results are shown
in Figure 6, and the χ2 values are very small, which indicates
that the fitted data are in good accordance with the measured
results. In the sample with positive permittivity, the circuit was
composed of resistors and capacitor (shown in the inset of

Figure 5. Permittivity spectra of GR/PDMS composites. (a) and (b) show the positive and negative permittivity spectra, respectively. The solid
lines in (b) show the fitted results based on the Drude model.

Figure 6. Dependence of reactance on frequency for GR/PDMS composites. (a) and (b) are the reactance spectra of GR/PDMS composites below
and above the percolation threshold, respectively. The insets show the equivalent circuits.
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Figure 6a). The interfaces between graphene and the insulating
PDMS can be regarded as amounts of microcapacitors. The
resistors come from the contact resistance and the interface
resistance.20 When graphene content was far less than the
percolation threshold, the dipoles played a primary role in the
composites and the composites presented a capacitive
character. Interestingly, the particular inductor occurred
when the connected graphene sheets formed a percolation
network. The circuit of the percolating composites consisted of
inductor as well as resistor and capacitor (shown in the inset of
Figure 6b). The conduction electrons can migrate around the
interconnected graphene network and form a closed loop,
leading to the formation of an inductor. On the other hand, the
graphene clusters dispersed to the matrix can generate
polarized electrons, which are responsible for the capacitor.
Further study indicated that the permittivity and the

reactance satisfy a corresponding relationship, which can be
described as follows.56

Z
f C Z Z2 ( )r

0
2 2ε

π
′ = − ″

′ + ″ (5)

where εr′ is the permittivity, Z′ and Z″ are the resistance and
reactance, f is the test frequency, and C0 is the capacitance of
vacuum. It signified that the permittivity is determined by the
reactance. When the reactance is negative, the permittivity is
positive and the composites possess capacitive character. On
the contrary, when the reactance is positive, it leads to negative
permittivity, and the inductive character played an over-
whelming role in the microcircuit. Therefore, the capacitive
character is responsible for the positive permittivity, and the
inductive character contributes to negative permittivity.

4. CONCLUSIONS

In this paper, the flexible GR/PDMS metacomposites with
different graphene mass ratios (0−4 wt %) were fabricated via
an in situ polymerization method. It is manifested that the
conduction mechanism of the resulting composites changed
from hopping conduction to electron conduction, along with
the formation of percolating network. Moreover, when
graphene content was below 3 wt %, the permittivity became
enhanced with the increase of graphene due largely to the
Maxwell−Wagner−Sillars effect. Interestingly, the Drude-like
negative permittivity was observed in the composites, when
graphene reached a percolating state. After embedding of
graphene into the insulating matrix, the electrons of the
resulting composites were diluted and gave rise to a low
frequency plasmonic state. Further investigation revealed that
there is a corresponding relationship between the permittivity
and the reactance. Specifically, the negative permittivity was
attributed to the inductive character deriving from the
conductive network, while the positive permittivity was
dependent on the capacitive character. Hopefully, the flexible
metacomposites with tunable negative permittivity is of great
significance in flexible electronic devices, wearable cloaks,
stretchable sensors, and thin-film capacitors.
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