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ABSTRACT: Over the past decade, there has been significant interest in polysiloxane-based dielectric elastomers as promising soft
electroactive materials. Nevertheless, the natural low permittivity of polydimethylsiloxane has limited its practical applications. In this
study, we have developed silicone rubber/Al@SiO2 composites with a high dielectric constant, low dielectric loss, and high electrical
breakdown strength by controlling the shell layer thickness and the content of the core−shell filler. We also investigated the
dielectric behavior of the composites. The use of core−shell fillers has increased the Maxwell−Wagner−Sillars (MWS) relaxation
process while reducing the dielectric loss of direct current conductance in silicone rubber composites. Moreover, the temperature
dependence of the MWS relaxation time in the composites follows the Arrhenius equation. This strategy of increasing the
permittivity of silicone composites through core−shell structural fillers can inspire the preparation of other high dielectric constant
composites.

1. INTRODUCTION
Dielectric elastomers are composed of an elastomer film that is
situated between two electrodes that are thin and flexible. This
results in a capacitor that can transform electrical energy into
mechanical energy.1 Dielectric elastomers have attracted
growing research interest due to their numerous benefits,
including high mechanical strength, low weight, affordability,
quick response, high strain, excellent flexibility, and high
energy density. As a result, they are ideal for use in actuators,
generators, and sensors.2−4 Silicone rubber is one of the most
commonly used materials for dielectric elastomer actuators due
to its wide temperature range, good weather resistance, high
efficiency, low toxicity, good shear stability, and insensitivity to
air humidity.5,6 However, the applications of silicone rubber
are limited due to its low dielectric constant (2.5−3.0@1
kHz).7,8 To enhance the dielectric constant of silicone rubbers
used in dielectric elastomers, researchers have employed
several methods, including chemical modification of poly-
siloxane,9−11 incorporation of high dielectric constant
inorganic nanofillers into the silicone rubber matrix,12−16 and
adding conductive nanofillers to the matrix of silicone
rubber.17−19 However, chemical modification involves cum-

bersome synthesis steps, high cost, and reduces the temper-
ature range of the polymer.20,21 When inorganic fillers are
added to silicone rubber to increase its dielectric constant,
there is a trade-off in the form of an increase in the elastic
modulus, which is detrimental to the actuating performance of
the material.22 Incorporating conductive fillers into silicone
rubber below the percolation threshold can significantly
improve the composite’s dielectric constant without com-
promising the rubber’s elasticity.23 Nevertheless, such
composites are prone to leakage currents, which can cause a
marked rise in dielectric loss and a reduction in the electrical
breakdown strength (Eb) of the silicone rubber.

24

To reduce the adverse effects of conductive fillers on the Eb
and the dielectric loss of the composites, core−shell fillers have
been used, which contain insulating materials covered with
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conductive fillers.25 Typically, the presence of an insulating
shell layer can hinder the generation of the conducting
network, improve phase interface, and provide a buffer.26 In
addition, the insulating layer effectively reduces the leakage
current, electric field concentration, and tunneling current.27

These factors help overcome the contradictory low Eb and high
dielectric loss observed in nanocomposites with high dielectric
constants. Quinsaat et al. reported an Ag@SiO2 core−shell
filler and compounded it with polydimethylsiloxane (PDMS)
to prepare a dielectric elastomer and obtained high tensile,
high flexibility, high dielectric constant, low dielectric loss, and
high thermal stability of the actuator.28 However, metallic
silver is expensive and cannot be produced cheaply on a large
scale. Zhang et al. introduced a CNT@Al2O3 core−shell filler
to prepare a new dielectric elastomer with excellent dielectric
properties.29 However, because the interfacial interaction
between the insulating Al2O3 shell layer and the silicone
rubber substrate is much weaker than that of SiO2 with silicone
rubber, the CNT@Al2O3 core−shell filler-based dielectric
elastomer has very poor mechanical properties.
In this work, we prepared functional filler Al@SiO2 with the

aluminum and silica act as core and shell, respectively, and
further enhance the dielectric properties of silicone/Al@SiO2
composites by tuning the shell layer thickness of the core−shell
filler. The effects of the presence or absence of the shell layer
and the core−shell filler content on the composites’ dielectric
properties were investigated. The composites with a core−shell
filler were found to exhibit excellent dielectric properties
compared to the composites with pure aluminum powder.
Furthermore, we examined the impact of temperature on the
dielectric characteristics and dielectric relaxation behavior of
the composites using broadband dielectric spectroscopy (BDS)
and the Havriliak−Negami (HN) equation. We discovered
that the Al@SiO2 core−shell filler, which we synthesized,
greatly improved the MWS relaxation while mitigating the
impact of their DC conductance on the composites.

2. EXPERIMENTAL PROCEDURES
2.1. Materials. Jiangxi Xinghuo Silicones Co., Ltd. (China)

supplied the Methyl vinyl silicone rubber (VMQ). Di-tert-butyl
1,1,4,4-tetramethyltetramethylene diperoxide (DBPMH, 92%)
was provided from J&K Chemical Co., Ltd. Beijing Chemical
Works (China) provided tetraethyl orthosilicate (TEOS) and
ammonium hydroxide (NH4OH, purity is 25−28%). Beijing
Deke Daojin Science and Technology Co., Ltd. (China)
supplied the aluminum nanopowder (Al, 50 nm).

2.2. Preparation the Core−Shell Filler of Al@SiO2. The
aluminum nanopowder was dispersed in anhydrous ethanol by
ultrasonication.30 Then, TEOS, NH4OH, and deionized water

were added dropwise during sonication. The reaction temper-
ature was controlled at 40 °C, and after 6 h of allowing the
reaction to reach completion, the samples were extracted,
washed, and then dried in an electrothermal blowing drybox
for 12 h to obtain the Al@SiO2 core−shell filler. The powder
was ground with a mortar and pestle until the particles were
homogeneous and then stored for use. By adjusting the feeding
ratio of TEOS and aluminum nano powder, the Al@SiO2
core−shell filler with different thicknesses was obtained.

2.3. Preparation the Composites of Silicone/Al@SiO2.
Preparation of HTV (high-temperature vulcanized silicon
Rubber)/Al@SiO2 composites: The process involved mixing
VMQ raw rubber with the curing agent DBPMH and varying
the ratios of the Al@SiO2 core−shell filler. The materials were
well mixed with double rollers, then pressed into the mold,
raise the temperature to 170 °C and maintain 10 MPa
pressure, crosslink for 10 min. Then, the composites were
demolded and postcured under 200 °C for another 4 h. The
composites were identified as HTV/15% Al@SiO2, HTV/30%
Al@SiO2, HTV/45% Al@SiO2, HTV/100% Al@SiO2, and
HTV/150% Al@SiO2, based on the mass fraction of Al@SiO2
core−shell filler. The HTV/Al composites were prepared by a
similar method.

2.4. Characterization. The German Novocontrol dielec-
tric impedance spectrometer was utilized to conduct the BDS
at temperatures spanning from −140 to 150 °C and a
frequency spectrum of 10−1−106 Hz. The frequency analyzer is
integrated into the impedance spectrometer, while the use of
Quatro cryogenic system units ensures precise temperature
control for high accuracy and repeatability. The samples were
sandwiched between copper plate electrodes and measured
under a dry N2 atmosphere. The cylindrical samples had
dimensions of 2 cm in diameter and 0.03 cm in height. To test
the electrical breakdown strength, samples (dimensions were 5
cm × 5 cm × 0.03 cm) were tested in silicone oil at room
temperature using a direct current dielectric strength tester.
FT-IR analysis was performed using a Bruker Hong Kong
Limited Tensor 27 Fourier transform infrared spectrometer.
The XRD was measured on a Rigaku D/max 2500 polycrystal-
line X-ray diffractometer from Japan, while the XPS was
conducted using an ESCALab 250Xi multifunctional XPS from
VG in the United States. The JEM-1011 and JEM-2100F
transmission electron microscopes from JEOL in Japan were
applied to characterize the morphologies and elemental
analysis of the core−shell particles. The Instron 5565 from
British Instron Ltd. was used to measure mechanical properties
at room temperature, with five dumbbell-shaped samples
tested for each sample group.

Figure 1. (a) FTIR, (b) XRD, and (c) XPS characterization results for Al@SiO2.
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3. RESULTS AND DISCUSSION
3.1. Characterization of Core−Shell Fillers Al@SiO2.

Figure 1a displays the FT-IR spectroscopy of aluminum and
Al@SiO2, which reveals the characteristic peak of Si−O−Si at
468 cm−1, the symmetric stretching vibration peak of Si−O−Si
at 796 cm−1, the stretching vibration absorption peak of the
Si−O bond at 904 cm−1, and the strong and broad absorption
band at 1105 cm−1, which corresponds to the antisymmetric
stretching absorption peak of Si−O−Si. These FT-IR results
provide evidence that the SiO2 shell was effectively
synthesized.
Figure 1b shows the XRD spectra of Al and Al@SiO2, which

shows that after the coating treatment, the Al powder had a
characteristic diffraction peak in the form of a circular mound
between 20 and 30°, indicating the presence of amorphous
SiO2 in the Al powder particles. Figure 1c shows the XPS
spectrum of Al@SiO2, which indicates that the SiO2-coated Al
powder has a signal peak of Si 2p and the corresponding
position of the outgoing peak is 103.5 eV. Therefore, the
presence of SiO2 in the Al powder after the cladding treatment
was further confirmed by the XPS spectra.
The FT-IR, XRD, and XPS results indicate the presence of

SiO2 in the cladding-treated Al powder particles and cannot
directly indicate the generation of the core−shell micro-
structure. To see the Al@SiO2 core−shell microstructure, the
morphology of Al@SiO2 was further observed by TEM. The
results indicate that the sol−gel method does generate a
distinct SiO2 shell layer upon the surface of aluminum powder,
and the SiO2 shell layer thickness can be calculated based on
the size of the Al powder particles and the scale bar. From
Figure 2a,b, the SiO2 shell layer thickness is ∼10 nm. Figure

2c,d show the elemental distribution and EDS energy spectrum
analysis of the core−shell filler, respectively. These results
demonstrate the presence of SiO2 in the Al powder particles
after the cladding treatment and verify the presence of SiO2 on
the Al powder surface, suggesting the formation of the Al@
SiO2 core−shell microstructure.

3.2. Regulation of Al@SiO2 Core−Shell Packing
Thickness. TEM was utilized to investigate the thickness of
the SiO2 layer, which can be adjusted by altering the initial
tetraethyl orthosilicate (TEOS) concentration. Figure 3a
shows that with the progressively increasing of the feeding
SiO2/Al mass ratio, the shell layer thickness gradually
increases, reaching a maximum of about 22 nm at the feeding

SiO2/Al mass ratio of 0.8. Then, with the feeding SiO2/Al mass
ratio increasing, the SiO2 shell layer thickness decreases
probably because the excessive TEOS self-core formation of
SiO2 affects the coating of SiO2 on the Al powder surface. The
thickness of the SiO2 shell layer can also be controlled by
varying the reaction time. As depicted in Figure 3b, the shell
layer thickness of Al@SiO2 particles gradually increases with
prolonged TEOS hydrolysis reaction time before eventually
reaching a plateau. This indicates that it takes some time for
TEOS to react with the surface of the Al powder and form a
stable SiO2 shell layer. Additionally, it was observed that the
thickness of the shell layer on the Al@SiO2 core−shell particles
remains uniform and stable after a reaction time of 3 h. Thus,
evidently, the cladding thickness of the Al@SiO2 particles is
influenced by both the TEOS feeding concentration and
reaction time. The stable and adjustable Al@SiO2 core−shell
particles were obtained by controlling these two parameters.

3.3. Room Temperature Dielectric Properties of
Silicone/Al@SiO2 Core−Shell Fillers. Thin sheets were
created from the Al@SiO2 core−shell particles by using a
press, and the dielectric properties of the resulting solid
powder were evaluated over a frequency range of 10−1−106
Hz. Figure 4a illustrates that as the thickness of the shell layer
on the core−shell filler increases, the dielectric constant of the
powder decreases. This result is reasonable because according
to the effective dielectric theory, as the shell thickness increase,
the volume fraction of silica increases, and the dielectric
constant decrease.31,32 Figure 4b,c show the trend of ε’ and ε″
for the same core−shell filler content and different shell
thicknesses in silicone. The composites with thin shell filler
exhibit higher dielectric constants and lower dielectric losses
over all the tested frequency, indicates the thin shell filler
leading to better dielectric performance.
The dielectric properties of HTV/Al@SiO2 silicone rubber

composites were investigated at 25 °C, with a focus on the
relationship between the dielectric constant and frequency.
Measurements were taken across the range of 10−1−106 Hz
and the results are shown in Figure 5. It was found that for a
given amount of added core−shell filler the permittivity of the
silicone rubber composites was higher than that of a composite
made with metallic Al and silicone rubber. In addition, the
greater the amount of core−shell filler added, the higher the
resulting permittivity of the composite. As the frequency
increased, the dielectric constant of composites with core−
shell fillers decreased, with a greater drop observed at higher
core−shell filler content. This can be attributed to the strong
interaction between the core−shell filler and the matrix,
resulting in more pronounced interfacial polarization.33

The effect of core−shell filler addition was also shown to
influence the dielectric loss. Figure 5b shows that the dielectric
loss of the composite containing metallic Al powder decreased
exponentially with the increase in frequency at low frequencies,
which indicates DC conductance. The composites with core−
shell fillers showed no such change and instead, a loss peak
appeared. In addition, for the same core−shell filler, the higher
filler content leads to higher dielectric loss of the materials.
The DC conductance of the composite of silicone rubber and
metallic Al powder at low frequencies can also be
demonstrated from the plateau in Figure 5c. Under the same
added filler mass, the electrical breakdown strength of the
silicone−core−shell filler composite is higher than that of the
silicone-metallic Al composite. For the same core−shell filler,
the higher is the amount of added filler, the lower is the

Figure 2. (a) TEM images of Al, (b) TEM of Al@SiO2, (c) Element
distribution of Al@SiO2, (d) EDS spectrum of Al@SiO2.
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electrical breakdown strength (Eb) of the composite, for
example, the Eb decrease to 1.45 kV/mm as the Al@SiO2
increase to 150% (Table 1).

3.4. Temperature Dependence of Dielectric Perform-
ance of Silicone/Al@SiO2 Composites. The dielectric
characteristics of the materials exhibit notable fluctuations
with temperature because of the effect of heat on the dipoles.34

Yet, when a specific external electric field is introduced, the

dipoles tend to arrange in a directional manner and align
themselves with the direction of the external electric field.35

Figure 6a illustrates a noticeable α relaxation in the
composite at low temperatures. The ε′ of the composite
presents a distinct peak at approximately −90 °C, regardless of
the filler used. Figure 6b demonstrates that the α relaxation of
HTV/Al@SiO2 is suitable for all frequencies. The peak of the
α relaxation decreases as the frequency increases, which may
be due to the reduction in the number of dipoles arranged

Figure 3. (a) The relationship between the thickness of Al@SiO2 and the silicon to aluminum ratio; (b) Thickness of Al@SiO2 as a function of
reaction time.

Figure 4. (a) ε′ of Al@SiO2 with different thicknesses; (b) ε′ of HTV/Al@SiO2 with different thicknesses; (c) ε″ of HTV/Al@SiO2 with different
thicknesses.

Figure 5. Dielectric properties of HTV/Al@SiO2 composites. (a) Permittivity ε′, (b) dielectric loss ε″, (c) conductivity σ, (d) electrical breakdown
strength Eb.
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under the applied electric field.36 The significant increase in ε’
of the composite at higher temperatures and lower frequencies
can be attributed to interface polarization.37 Figure 6c shows
that the ε″ of the composite has a sharp peak at approximately
−120 °C, which is not influenced by the type or amount of
filler. When the temperature range above the Tg, as the
temperature increases, the ε″ of HTV/Al@SiO2 exhibits a
significant loss peak, while the ε″ of HTV/Al does not have
this loss peak. This is attributed to the interface interactions of
core−shell filler and silicon.38 The interfacial polarization is
caused by the strong interactions within the rubber matrix.39

HTV/Al@SiO2 and HTV/Al exhibited significant DC
conductance with increasing temperature. However, compared
to the metallic Al powder, adding core−shell fillers had an
inhibitory effect on the DC conductance. Figure 6d indicates
that the ε″ of the composite demonstrated similar temperature
dependence at various test frequencies. The α-relaxation and
interfacial relaxation occurred shifted toward higher temper-
atures as the frequency rose. The peaks for α-relaxation and
interfacial relaxation decreased and vanished within the
observable frequency and temperature range.

Table 1. Dielectric Properties of the HTV/Al@SiO2 Composites

ε′ (1 kHz) ε″(1 kHz) tan δ (1 kHz) σ (S/cm) (1 kHz) Eb (kV/mm)

HTV/15%Al 3.52 2.49 × 10−3 9.08 × 10−4 1.34 × 10−12 12.20
HTV/15%Al@SiO2 3.74 2.20 × 10−2 5.75 × 10−3 1.20 × 10−11 15.00
HTV/30%Al@SiO2 4.41 3.80 × 10−2 8.67 × 10−3 2.12 × 10−11 9.90
HTV/45%Al@SiO2 5.62 7.53 × 10−2 1.34 × 10−2 4.19 × 10−11 7.30
HTV/100%Al@SiO2 14.34 2.64 × 10−1 1.85 × 10−2 1.70 × 10−10 2.10
HTV/150%Al@SiO2 17.03 3.79 × 10−1 2.24 × 10−2 2.43 × 10−10 1.45

Figure 6. Dielectric properties of HTV/Al@SiO2 composites exhibit a temperature dependence. The variation of ε′ with temperature is presented
in (a) for HTV/Al@SiO2 (0.1 Hz) and in (b) for HTV/15%Al@SiO2 at different frequencies. The temperature dependence of ε″ is shown in (c)
for HTV/Al@SiO2 (0.1 Hz) and in (d) for HTV/15%Al@SiO2 at different frequencies.

Figure 7. (a) An activation plot was generated for the relaxation time of MWS relaxation in HTV/Al@SiO2; (b) The MWS-relaxation process of
HTV/15% Al@SiO2 was examined.
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3.5. Dielectric Relaxation Behavior of Silicone
Rubber/Al@SiO2 Core−Shell Filler. To further explore the
influence of core−shell fillers on the dielectric relaxation
behavior of silicone composites, the study examined the impact
of HTV/Al@SiO2 on interfacial polarization and DC
conductance relative to HTV/Al. The imaginary part of the
dielectric constant (ε″) was analyzed using the Havriliak−
Negami equation40 at different temperatures to assess the
dielectric response behavior of the composite material.
Subsequently, the relaxation behavior of the composite was
analyzed to obtain the corresponding relaxation parameters.
HTV/Al@SiO2 displays distinct MWS relaxation above Tg,

as compared to HTV/Al. While there is a conductance
contribution in the higher temperature range, its DC
conductance is not predominant. Fitted by Havriliak−Negami
model, the relaxation times for various relaxation peaks at
different temperatures can be identified. It is observed that the
relaxation time is sensitive to temperature as the dipole
movement tends to accelerate with a rise in temperature.41

Furthermore, the temperature dependence of the relaxation
time can be utilized to determine the activation energy (Ea).
The relaxation at the HTV/Al@SiO2 interface is primarily

ascribed to the interface formed between the polymer chain
and the core−shell filler. Figure 7a indicates that the interfacial
MWS relaxation times of both composites comply with the
Arrhenius equation.42

E
kT

exp0
ai

k
jjj y

{
zzz=

(1)

Table 2 shows the fitted Arrhenius parameters. The
dielectric relaxation strength of MWS relaxation increases

with temperature, and the interface polarization peak shifts
toward higher frequencies.43 The dielectric relaxation strength
of the composite material increases with the addition of a

core−shell filler. The apparent activation energies for the MWS
relaxation of HTV/15%Al@SiO2 and HTV/45%Al@SiO2 are
38.83 and 37.75 kJ/mol, respectively, which are not
significantly different.
The impact of the conductance on the dielectric loss

spectrum was examined. As depicted in Figure 8, the
composite material displayed substantial conductance polar-
ization in the high temperature range. Nevertheless, incorpo-
rating core−shell fillers hindered or delayed the onset of DC
conductance. The greater the amount of core−shell filler
added, the more pronounced the inhibition. The temperature-
dependent behavior of DC conductance followed the
Arrhenius equation is as expressed below:44

E
kT

exp0
ai

k
jjj y

{
zzz=

(2)

According to Table S2, the exponential factor of the DC
conductance for the HTV/Al composites (0.85 < N < 1) is
considerably greater than that of the HTV/Al@SiO2
composites (N < 0.65). This suggests that DC conductance
does not play a dominant role in the relaxation process of the
HTV/Al@SiO2 composite in the high-temperature and low-
frequency range.45 Moreover, as the proportion of the core−
shell filler increases, its ability to inhibit DC conductance in the
composite becomes more apparent.
The apparent Ea of DC conductance in composites

containing core−shell fillers is notably higher than that in
those containing metallic Al powders. The addition of HTV/
45%Al@SiO2 results in an Ea of 55.29 kJ/mol, while the
addition of HTV/15%Al@SiO2 yields an Ea of 61.19 kJ/mol,
both significantly larger than the apparent Ea of HTV/Al
(38.91 kJ/mol). In addition, Table 2 demonstrates that
incorporating core−shell fillers increases the σ0 values of the
composites.

4. CONCLUSIONS
Using the sol−gel method, a SiO2 shell layer was successfully
applied onto the surface of metallic aluminum powder,
resulting in the creation of an Al@SiO2 core−shell filler. By
adjustment of the feeding TEOS concentration and reaction
time, the thickness of the Al@SiO2 shell layer can be precisely
controlled. In comparison to HTV/Al composites of the same
filling amount, the dielectric constants of HTV/Al@SiO2
composites were found to be higher. At high frequencies, the
dielectric loss of HTV/Al@SiO2 composites was greater, while
at low frequencies, it was smaller, when compared to that of

Table 2. Relationship between Temperature and Relaxation
Time, as Well as DC Conductance, in Composites of HTV/
Al@SiO2

MWS relaxation DC conductance

ln τ0 (s)
Ea

(kJ/mol) ln σ0 (S/cm)
Ea

(kJ/mol)

HTV/15%Al - - −17.51 38.91
HTV/15%Al@SiO2 −15.34 38.83 −11.65 61.19
HTV/45%Al@SiO2 −14.81 37.75 −12.37 55.29

Figure 8. (a) The relaxation time of DC conductance in HTV/Al@SiO2 can be represented by an activation plot. (b) DC conductance process of
HTV/15% Al@SiO2 can be depicted.
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HTV/Al composites. In addition, the electrical breakdown
strength of the HTV/Al@SiO2 composites was greater than
that of the HTV/Al composites. Furthermore, the dielectric
constant and dielectric loss of the composite increased with the
increase in Al@SiO2 core−shell filler. Comparatively, the
prepared Al@SiO2 core−shell filler enhances the contribution
of the MWS relaxation in composite material and restrains the
contribution of its DC conductance, when compared to
aluminum nanopowder.
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