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A B S T R A C T

We report the fabrication of epoxy-based composites using well-designed core/shell Si/SiO2 (denoted as Si*) and
core/shell/shell structured Si/SiO2/Polydopamine (denoted as Si*@PDA) particles as fillers, which exhibit im-
proved dielectric properties and thermal conductivity. Using the core-shell Si* and Si*@PDA particles as fillers
in the epoxy-based composites, the dielectric loss tangent is remarkably suppressed and the volume resistivity is
apparently enhanced, as compared with that using raw Si particles as fillers. Moreover, the Si*@PDA composites
have higher dielectric constant and lower loss tangent. For instance, the dielectric constant of Si*@PDA/epoxy
composite with 33.8 vol% filler content is up to 19.8 at room temperature at 100 Hz, which is nearly 5.3 times of
that of the pure epoxy polymer (3.4), while its loss tangent is only 0.085. Additionally, the core-shell particle-
based composites still possess a high thermal conductivity.

1. Introduction

Materials with high dielectric constant but low dielectric loss have
attracted considerable attentions owing to the rapid development of
electronic and electrical industry, such as energy storage devices, em-
bedded capacitors, electric accessories and artificial muscles and skins
[1–3]. Recently, polymer-matrix-based composites with high dielectric
constant and low dielectric loss have been widely studied and applied
as structural materials because of their excellent properties, such as
good flexibility, easy processability, lightweight, and ultralow dielectric
loss in comparison with the traditional inorganic high-k materials [4,5].
Epoxy resin, which possesses many excellent characteristics including
superior electrical insulating, high thermal and chemical stabilities, has
been well-recognized as a good candidate for structural capacitors and
embedded components [4,6,7]. However, the low dielectric constant of
epoxy limits its practical application. To increase the dielectric constant
of epoxy resin, one important strategy is to design and fabricate or-
ganic-inorganic composites by incorporating high-k inorganic ceramic
particles (ex., BaTiO3, CaCu3Ti4O12, PbZrTiO3, BaSrTiO3, etc.) into
polymer matrix [8–10]. However, the enhancement of dielectric con-
stant usually needs high loading of high-k particles, which may lose the
flexibility of the polymer matrix. Nevertheless, the dilemma for using
inorganic ceramic particles is that the increase of dielectric constant can
be usually attained at the expense of the significant decrease in the

flexibility of the polymer matrix, owing to high loading of high-k par-
ticles for high-k composites. Another approach for enhancing dielectric
constant is to incorporate electrically conductive particles (Ag, Cu, Al,
Zn and carbon fillers) into a polymer, leading to a significant high di-
electric constant when the concentration of conductive fillers ap-
proaches the percolation threshold [1,2,4,11–16]. However, some ap-
plications of these composites in the field of electrical industry would
be hindered owing to the accompanied high dielectric loss and electric
conductivity.

Recently, core-shell particles as fillers have attracted increasing
interest due to their desirable characteristics, such as high surface area,
low density and good stability after shell protection, which have shown
promising applications in drug delivery [17], catalysis [18], microwave
absorption [19–22] and energy storage [1,2,23,24]. As compared with
the conventional mixing methods, core-shell nanostructuring strategies
are versatile and powerful tools for the design and synthesis of ad-
vanced high-k polymer nanocomposites [24]. In order to obtain high-k
and low loss composites, various types of core-shell structures have
been delicately designed via controlling and optimizing the micro-
structures and electrical properties of the particles. Coating insulating
shells on conductive cores or polymer shells on ceramic cores have been
widely used to prepare high-k polymer composites with low loss, such
as CNTs@SiO2 [25], Al@Al2O3 [1,16], BaTiO3@HBP [26], BaTiO3@PS
[27] and so on.
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As compared with the conductive or the ceramic particles, Si par-
ticles are expected to be an excellent candidate for structural capacitors.
First, Si is a very important semiconductor material, which shows a
variety of applications in microelectronic devices, solar cells, and light-
guided fiber materials [7,28]. The resistivity of Si is 2.52× 10−4Ωm,
which is relatively lower than that of the Silicon Carbide (SiC) or Silicon
Nitride (Si3N4) counterparts. Besides, Si possesses high thermal con-
ductivity (148W/m K), low density (2.33 g/cm3) and low cost. Ap-
parently, Si is a better choice in increasing the dielectric constant and
thermal conductivity of polymer matrix while keeping a relatively low
density. In this work, we successfully decreased the dielectric loss while
maintaining a high-k of the Si/polymer by coating Si particles with
insulating layers of SiO2 and PDA. A novel core-shell structured Si*
particles were obtained by a facile thermal oxidation of Si under oxygen
atmosphere, and the oxidized SiO2 surface layer on individual Si par-
ticles was highly insulating and effectively blocked charge transport,
which thus lowered the dielectric loss in the composites. Furthermore,
surface coating of Si* particles with PDA layers were also conducted via
the facile self-polymerization of dopamine, and interestingly the PDA
effectively improved the interface adhesion between the filler and
epoxy matrix, which led to greatly increased thermal conductivity,
higher dielectric constant and lower dielectric loss at the same time.
More importantly, the current study brought new insight into the de-
sign of advanced composites with simultaneous improvement of the
overall dielectric properties and thermal conductivity, via the delicate
core-shell engineering.

2. Experimental section

2.1. Materials

Micro-sized Si particles with irregular shape and an average size of
1 μm were bought from Guangzhou Yanrui Chemical industry Co. Ltd.
The bisphenol A epoxy resin (E−828) along with anhydride hardener
(MTHPA) and benzyldimethylamine (BDMA, serving as the accelerant)
were purchased from Aladdin Reagent (shanghai) Co. Ltd., China.
Dopamine hydrochloride (DPA-HCl, 98%) and tris (hydroxymethyl)
aminomethane (Tris, 99%) were purchased from Sigma-Aldrich and
used without further purification. Hydrochloric acid (HCl, 37 wt%) was
provided by Shanghai Reagents Co. Ltd.

2.2. Preparation of Si/SiO2 (Si*) and Si/SiO2/Polydopamine (Si*@PDA)
fillers

Core/shell Si/SiO2 particles were prepared by thermal oxidation of
the raw Si particles at 900 °C for 2 h in a tube furnace under an oxygen
flow of 100 cm3/min. In a typical synthesis of core/shell/shell Si/SiO2/
Polydopamine, 5.0 g Si/SiO2 particles were dispersed in 200 mL Tris-
HCl aqueous buffer solution (pH = 8.5) under ultrasound irradiation
for 20 min, and then 0.2 g Dopamine-HCl was added and ultrasonically
dispersed for another 10 min afterwards, the mixture was stirred vig-
orously at 60 °C for 24 h, and then the particles were collected by
centrifugation at 9000 rpm for 15 min. The as-obtained products were
re-dispersed in ethanol, and the mixture was centrifuged at 9000 rpm
for 15 min. After washing with ethanol for three times, gray Si*@PDA
particles were obtained and dried under vacuum at 60 °C for 24 h.

2.3. Preparation of epoxy-based composites

Certain amount of fillers was proportionally mixed with MTHPA
(86 wt% of epoxy resin) and epoxy by mechanical stirring, which was
continuously dispersed by ultrasonic bath at 60 °C until forming a stable
suspension. Then BDMA (2 wt% of epoxy resin) was added into the
above MTHPA/epoxy mixture, which was then transferred into a
Planetary Centrifugal Mixer (Thinky USA Inc.) for further dispersion
under the rapid rotation and vigorous mixing. Afterwards, the mixture

solution was slowly poured into the stainless steel models and was
degassed in vacuum drying oven for 30min at 60 °C. After pre-curing at
100 °C for 2 h and the post-curing at 150 °C for 10 h in an oven, the
samples were finally obtained and taken out from models after cooling
down to room temperature.

2.4. Structure and property characterization

The phase structures of the samples were examined by X-ray dif-
fraction (XRD) using as a Bruker D2 PHASER diffractometer. Thermal
gravimetric analysis (TGA) was performed at a heating rate of 10 °C/
min under nitrogen atmosphere. Differential scanning calorimetry
(DSC, 200 F3, NETZSCH, Germany) was performed to study glass
transition temperature (Tg) of the composites in a temperature range of
25–200 °C at a heating rate of 10 °C/min under nitrogen atmosphere.
Morphological structures of the fillers and the composites were char-
acterized using field emission scanning electron microscopy (FESEM,
FEI QUANTA F250). The microstructures of the Si* and Si*@PDA were
observed by FEI Tecnai G2 F20 S-TWIN transmission electron micro-
scope (TEM). The thermal diffusivity (δ) and specific heat (Cp) were
measured using a laser flash apparatus (LFA 467 Nanoflash, NETZSCH,
Germany). The bulk density (ρ) was calculated on the basis of the
length, width and height of the products. The thermal conductivity (λ)
value was calculated according to the equation λ= δρCp, which is de-
termined by the thermal diffusivity, specific heat and bulk density. For
the measurements, the samples were first cut into quadrate shape with
area of 10× 10mm2 and thickness of 0.3 mm, and then the quadrate
samples were coated with a layer of graphite by spraying before test.
The volume resistance (RV) of the samples was tested using a high re-
sistance meter (Agilent 6517B). For dielectric property measurements,
gold electrodes were first sputtered on both sides of epoxy-based
composites using an auto fine coater, and a mask with eyelet of 3mm in
diameter was used. The dielectric properties of the composites were
measured using a broadband dielectric spectrometer (CONCEPT 80,
Novocontrol Technology Company, Germany) with an Alpha-A high-
performance frequency analyzer in the frequency range of 10−1-106 Hz.

3. Results and discussion

3.1. XRD and TGA analyses

Fig. 1a schematically illustrates the synthetic strategy of the Si* and
Si*@PDA fillers and their epoxy composites. Fig. 2a compares the XRD
patterns of pristine Si, Si* and Si*@PDA particles, and all the prominent
peaks in the three sample can be indexed to the well-crystalline Si phase
(JCPDS No.). Differently, a minor broad peak located at around 23°
appears in the Si* and Si*@PDA samples, which can be attributed to
amorphous SiO2 layers formed after oxidation in air. According to the
XRD analysis, no additional peaks in the PDA-coated Si* are observed
because of the intrinsic amorphous structure of PDA. It's noteworthy to

Fig. 1. Schematic illustration of the fabrication of Si* and Si*@PDA fillers and the epoxy
composites.
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mention that both Si* and Si*@PDA exhibit intrinsic crystalline struc-
ture of silicon, indicating that the coating layers have no affection on
the crystalline structure of Si. Moreover, the diffraction peak intensity
of Si slightly decreases after the coating of amorphous SiO2, while the
XRD profile of the Si*@PDA ak becomes rough after the PDA functio-
nalization as compared with Si*, which can be seen from the enlarged
XRD patterns (Fig. S1). The amorphous PDA layer, which is coated on
the surface of the Si* particles, results in the slightly weakened peak
intensity.

Fig. 2b compares the TGA curves of Si, Si* and Si*@PDA samples.
For the pristine Si, no weight loss is observed, indicating its purity with
little absorbents. When increasing temperature at 200 °C above, steady
weight increase is observed, which can be attributed to the oxidation of
Si into SiO2. As compared with pristine Si, the Si* sample shows no
obvious weight change in the overall temperature range (25–900 °C),
which is owing to the presence of a compact oxidation layer of SiO2,
thus further oxidation of Si particles is prevented. In contrast, owing to
the coating of PDA layer on the Si* particles, the weight loss starts at
200 °C and becomes constant at 500 °C, indicating the complete de-
composition of the polydopamine layers coated to the surface of the Si*
particles [27]. Moreover, the content of polydopamine in the Si*@PDA
composites is estimated to be approximately 7.5 wt%, which further
confirms the successful wrapping of PDA on Si* particles.

3.2. SEM and TEM analyses

The morphologies of pristine Si and the core-shell structured Si* and
Si*@PDA particles are shown in Fig. 3a–c, respectively. The bare Si
particles show irregular shapes with diameters ranging from hundreds
of nanometers to several micrometers. After calcination at 900 °C in air,
the as-obtained Si* particles still maintain the morphology but showing
well defined profiles, and it's observed that smaller particles are at-
tached onto the surface of micro-particles. In contrast, the surface of the
Si*@PDA particles becomes rough after coating with PDA, as compared
with Si and Si* counterparts. Furthermore, TEM images of Si, Si* and
Si*@PDA particles are compared, as shown in the insets of Fig. 3a–c. It's
clearly observed that a conformal shell layer of SiO2 (ca. 15 nm) is
coated on the Si particle, and the SiO2 shells show amorphous nature.
After PDA functionalization, an additional rough layer of PDA with
thickness of 5–10 nm is coated on the SiO2 layer, forming the core-shell-
shell of Si-SiO2-PDA. TEM image (Fig. 3c) clearly confirms the suc-
cessful non-covalent encapsulation of Si* particles by PDA via self-
polymerization of dopamine [29]. The PDA layer shows a rough surface
in comparison with that of inorganic particles, which may facilitate the
strong adhesion with the epoxy matrix when using PDA-coated Si*
particles as fillers.

The morphologies of the fracture surfaces of the Si/epoxy and Si*/
epoxy composites with 18.0 vol% loading are compared in Fig. 3d and
e. It's clearly observed that there are apparent voids and agglomerations
in both Si/epoxy and Si*/epoxy composites, as shown in the magnified

Fig. 2. (a) XRD patterns and (b) TGA curves of Si, Si* and Si*@PDA.

Fig. 3. SEM image of (a) Si, (b) Si* and (c) Si*@PDA samples with insets showing the corresponding TEM images. SEM images of the fracture surface of (d) 18.0 vol% Si/epoxy, (e)
18.0 vol% Si*/epoxy and (f) 18.0 vol% Si*@PDA/epoxy with insets showing the corresponding magnified images.
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SEM images (insets of Fig. 3d and ), which indicates the distinct in-
compatibility and poor interfacial bonding between Si (or Si*) particles
and epoxy matrix. In contrast, Fig. 3f shows the interfacial contact
between the Si*@PDA particles and the epoxy matrix. No obvious ag-
gregation of the Si*@PDA particles in the composite can be observed in
comparison with Si/epoxy and Si*/epoxy composites, and the boundary
between Si*@PDA and epoxy looks hazy and indistinct in the compo-
sites, which shows a better contact with no apparent void structure
(inset of Fig. 3f). Such composite facilitates the phonon transfer at the
boundary area, which allows high thermal conductivity as compared
with the Si*/epoxy composites. The good interfacial contact can be
attributed to the special physicochemical characteristics of the coated
PDA layer, which improves the interfacial adhesion when mixing with
epoxy matrix. In addition, increasing the introducing amount of the
three fillers (ex., 25.5 vol%) can significantly decrease the distance
between fillers and epoxy matrix, in comparison with that of 18.0 vol%
filler contents in the composites (Fig. S1). Generally, high filler loading
is essential to achieve an appropriate level of thermal conductivity and
effective dielectric permittivity in polymer-based composites. However,
too high inorganic filler loading (35 vol%) would lead to the significant
processing challenge, dramatically alter the mechanical behavior and
increase the density of polymer-based composites. Hence, it's necessary
to maintain a relatively low filler loading level in composites, in order
to ensuring good flexibility.

3.3. Dielectric properties

Dielectric permittivity of a material is a factor which can reflect the
charge storage ability of a capacitor and the material's dielectric
properties when subjected to an external electric field. The effects of the
content, surface treatment, and core-shell structure of Si particles as
well as the frequency on the dielectric permittivity of the Si/epoxy
composites are illustrated in Fig. 4. As expected, the dielectric per-
mittivity increases with increasing the filler loading in epoxy in the

frequency range of 10−1-106 Hz at room temperature for all the three
systems. The Maxwell-Wanger-Sillars relaxation effect can be explained
by the increment of dielectric permittivity related to the capture of free
charges between the conductor and insulator or semiconductor and
insulator in interfaces [13,14]. The dielectric permittivity of Si/epoxy
composite increases steadily with increasing Si content in the range of
0–25.5 vol%. However, Si/epoxy composite varys greatly in magnitude
at 33.8 vol% filler loading in comparison with the other two systems,
similar to the dielectric behavior of percolative composites composed of
insulating polymers and conductive fillers [30–34]. Dielectric permit-
tivities of all the three composites show similar frequency dependence,
and decrease slightly with increasing the frequency for the three sys-
tems. The reason can be attributed to the fact that interfacial polar-
ization and orientation polarization of dipoles cannot keep synchroni-
zation under the external electric field, which account for the decrease
of the dielectric constant [1,4]. It should be noted that the decline of the
dielectric permittivity with varying frequency is more distinct for Si*@
PDA/epoxy composite at low frequency because of the existence of
coated PDA layer.

Sun et al. reported a kind of Si/epoxy nanocomposite by filling Si
nanospheres into epoxy. In this composite, the dielectric permittivity
was distinctly improved by introducing nano-Si and treated nano-Si [7].
In this work, we selected the micro-Si particles as the filler and achieved
higher dielectric permittivity at same filler content. For nanocompo-
sites, molecular motion, which contributes to the transfer of carriers
and orientation of dipoles, is strongly restricted at the matrix/filler
interface region [35,36]. This should be responsible for the lower di-
electric permittivity in the nano-Si/epoxy composites. Fig. 4a shows
that the dielectric permittivity of a composite with 5.4 vol% Si loading
is 8.3, which is about 2.4 times of that of the pure epoxy at 100 Hz.
When the loading of Si is lower than 33.8 vol%, the dielectric constant
increases steadily. However, the dielectric constant rises from 20.9
(25.5 vol%) to 257.0 (33.8 vol%) at 100 Hz, indicating that the con-
ductive network forms in the composites. In other words, the

Fig. 4. Dielectric permittivity dependence on frequency and filler loading for the epoxy with 5.4–33.8 vol% (a) raw Si, (b) Si* and (c) Si*@PDA fillers. (d) Dielectric permittivity
dependence on filler loading for the Si/epoxy composite with inset showing the best fits of the permittivity according to Eq. (1).
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percolation threshold locates in the composite with filler loading be-
tween 25.5 vol% and 33.8 vol%. The high percolation threshold can be
ascribed to the micro-scale and blocky structure against the formation
of partial connectivity. A large quantity of blocked electric charges
accumulate in the interfacial region between Si particles and epoxy
matrix, resulting in a distinct increase in dielectric permittivity when
increasing Si content. For insulating polymers filling with conductive or
semi-conductive fillers, the variations of dielectric permittivity with
filler content follow a percolation theory as the volume fraction of the
conductive or semi-conductive fillers approaches to the percolation
threshold, whilst the fillers form a good connectivity. As an excellent
semiconductor material, Si exhibits similar percolation phenomenon
with conduction similar with that of metals, carbon nanotubes and
graphenes, etc.

The power law expresses the increase of the dielectric permittivity
near the percolation threshold as below [13,37]:

∝ − ≥−ε (f f ) for f feff c si
s

c si (1)

where εeff is the effective dielectric permittivity and s is the corre-
sponding critical exponent. The dielectric permittivity as a function of
the volume fraction of Si shows explicit power characteristic as de-
scribed by the power law. From the inset of Fig. 4d, we can get the
values fc≈ 0.346 and s≈ 1.01, according to Eq. (1). The critical ex-
ponent here, s= 1.01, is consistent with the universal one. It's noted
that the dielectric loss also shows a large variation near the percolation
threshold (Fig. 5d) [37].

Fig. 4b shows the dielectric permittivity of the Si*/epoxy composite
as a function of filler loading and frequency at room temperature. The
dielectric permittivity increases steadily with increasing Si* content,
and shows a rather weak frequency dependence, indicating that there is
deficient accumulation of charges at the interfaces. The increase of the
dielectric permittivity can be attributed to the enhanced interfacial
polarization. As compared with the Si/epoxy composite, no dramatic
increase in the dielectric permittivity was detected for both Si*/epoxy
and Si*@PDA/epoxy (Fig. 4c), even the filler loading was increased up

to 33.8 vol%. This can be attributed to the formation of the oxidized
SiO2 shells on the surface of Si cores, and the SiO2 insulating interface
effectively prevents direct contact between adjacent Si cores and plays a
decisive role in blocking the carrier transfer [7,28]. By the same token,
the coated PDA layer in the Si*@PDA/epoxy composite also plays a
similar role in blocking the free carrier migration. Moreover, the Si*@
PDA/epoxy composite exhibits higher dielectric constant than that of
the Si*/epoxy composite, owing to the multifold interfacial polariza-
tions induced by oxidized SiO2 and coated PDA layer, thus resulting in
the stronger interfacial polarization. Therefore, in this work, for a given
content of fillers, the dielectric permittivity values are in a trend of Si/
epoxy > Si*@PDA/epoxy > Si*/epoxy.

Fig. 5 displays the dependence of dielectric loss on frequency at
room temperature for the Si/epoxy, Si*/epoxy and Si*@PDA/epoxy
composites. The dielectric loss for all the three samples decreases at the
low frequency range from 10−1–102 Hz, and then increases remarkably
over 102 Hz. The low-frequency dielectric response would reflect the
representative interface polarization behavior, rooting in the macro-
scopic interface of the different multiphase structures. In contrast, the
high-frequency dielectric response can be ascribed to the C-F dipole
orientation polarization of the composites according to Debye relaxa-
tion theory [13]. The dielectric properties of polymers when in-
corporated by conductors or semiconductors are largely dependent on
the electrical properties of the fillers, which significantly affect the
accumulation and migration of free carrier at the interfacial region
between the filler and the polymer matrix. For the Si/epoxy composite,
the dielectric loss increases with increasing the volume fractions of the
Si content. There is no significant variation in the dielectric loss be-
haviors when Si loading is up to 25.5 vol%. However, the dielectric loss
increases dramatically over the testing frequency range with increasing
the filler content up to 33.8 vol%, principally resulting from the sharp
conduction increase induced by the percolation effect. At a high Si
loading, there are partial connections and networks of the fillers (Fig.
S2), resulting in the rapid increase in dielectric loss. However, no
drastic variation in the dielectric loss for the Si*/epoxy and Si*@PDA/

Fig. 5. Dielectric loss dependence on frequency and filler loading for the epoxy with 5.4–33.8 vol% (a) raw Si, (b) Si*, (c) Si*@PDA fillers; (d) Dielectric loss dependence on filler loading
for the three composites.
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epoxy composites was observed at the content of 33.8 vol%, owing to
the insulating layer of oxidized SiO2 and coated PDA shell, resulting in a
high volume resistivity, as revealed in Fig. 6.

As shown in Fig. 5b, Si*/epoxy composite shows a remarkably de-
creased dielectric loss as compared with the Si/epoxy composite, and
the maximum dielectric loss value still remains a fairly low level. The
dielectric loss of the Si*/epoxy composite with 33.8 vol% filler fraction
is only 0.11 at 100 Hz. The small dielectric loss can be ascribed to the
oxidized SiO2 layers on the surface of Si cores, which prevent the direct
contact between adjacent Si particles and thus block the transfer of free
charge carriers. Therefore, it can be concluded that the SiO2 coating
layer plays a crucial role in suppressing dielectric loss of the Si*/epoxy
composites. For the Si*@PDA/epoxy composite, PDA coating layer also
plays as a similar role in blocking the transfer of free charge carriers.
Moreover, the amino groups on the surface of PDA coating layer, cap-
able of covalently reacting with the epoxy matrix, can efficiently
crosslink the fillers and the matrix. A large amount of covalent bond
formation hinders the transfer of free charge carriers, resulting in the
reduction of dielectric loss. In this work, remarkable reduction of loss
tangent is achieved by introducing SiO2 and PDA insulating layers be-
tween Si cores, which avoid their direct contact. More importantly, the
PDA layers can react with the epoxy matrix, forming a large number of
covalent bonds, which further suppress the mobility of free charge
carriers. It would be acceptable by slightly reducing dielectric permit-
tivity to achieve low loss for practical application.

The dependence of the conductivity of the composites on the Si
concentration near the percolation concentration (fc) is described by a
scaling law as follows:

∝ − ≥−σ (f f ) for f fc csi
s

si (2)

where σ is the conductivity of the epoxy composite, fSi is the filling
factor, fc is the percolation threshold, and s is the critical exponent in
the insulating region.

It is well known that the resistivity is the reciprocal of the con-
ductivity. Fig. 6 shows the volume resistivity (RV) for the three com-
posite systems. Generally, variation of RV at various conductive or
semiconductive filler content is nonlinear [38]. This curve can be di-
vided into three parts. In the initial region with low filler content,
where particles are not in contact with each other, the RV with filler
content gradually decreases with the reductive distance between con-
ductors or semiconductors. In the middle part near fc, there is an abrupt
decrease in resistivity. This means the particles are in good contact with
each other. Beyond fc, the change of RV becomes steady. In this case, the
tunneling resistance plays an important role in the electrical con-
ductivity of composites filled with filler particles due to the unavoid-
able insulating film of matrix material between adjacent particles
[39,40]. Therefore, the Rv of the composites is much higher than that of

Si filler particles.
For the Si/epoxy composite, the RV shows a distinct percolation

phenomenon because of the significant reduction when the Si content
reaches 33.8 vol%, and fc is believed in a range between 25.5 and
33.8 vol%. However, the RV values for Si*/epoxy and Si*@PDA/epoxy
composites slightly decrease with the filler loading, and no obvious
percolation phenomenon is found, indicating the insulating nature of
the oxidized SiO2 and coating PDA shell. The insulating shell can pre-
vent the direct contact between the core Si particles and block the
formation of current paths across the composites. Thus, electrons can
only transmit through adjacent Si particles via inter-Si tunneling [1,37].
Therefore, the resistivity especially for the Si*@PDA/epoxy composite
is considerably increased when compared with the Si/epoxy composite,
while maintaining the same magnitude as the pure epoxy.

For a composite, dielectric loss, ″ε can be expressed as [13]:

= + +
″ ″ ″ ″ε ε ε εdc MW D (3)

where ″εdc and
″εMW are related to conduction and interfacial polarization,

respectively, and ″εD stands for the dipole loss factor.
The conduction loss factor is given by

=
″ε σ

2πfdc
dc

(4)

As revealed in Fig. 5d, we can see that there is no noticeable con-
tribution of conduction loss factor on the dielectric loss for the Si*/
epoxy and Si*@PDA/epoxy composites, because no DC conductivity
appears, thus leading to a low dissipation factor. Therefore, the fc is
surely greater than that of the Si*/epoxy and Si*@PDA/epoxy com-
posites with 33.8 vol% filler content, owing to the insulating SiO2 and
PDA shell which effectively block the migration of the free carriers at
the multiphase interface area. However, the DC conductivity is ob-
served for the Si/epoxy composite, suggesting that the conduction loss
is dominant in the low-frequency range. Therefore, the DC conductivity
results in the large dissipation factor [5].

3.4. Thermal conductivity

In general, the thermal conductivity of the inorganic-organic com-
posites greatly depends on the structure, loading amount, dispersity and
surface characteristics of the inorganic fillers, as well as the interface
thermal resistance between fillers and polymer matrices [13,37,41–48].
Fig. 7 compares the room temperature thermal conductivity of Si/
epoxy, Si*/epoxy and Si*@PDA/epoxy composites with different filler
volume fractions. The pure epoxy has a relatively low thermal con-
ductivity of 0.183 W/m K at room temperature. When increasing the Si
filler loading amounts from 5.4 vol% to 33.8 vol%, the thermal

Fig. 6. Relationship between DC volume resistivity and filler loading for the three com-
posites.

Fig. 7. Comparison of the experimental and theoretical values of the thermal conductivity
of the three composites with different filler volume faction.
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conductivity of the Si/epoxy composites are remarkably increased
owing to the high thermal conductivity of Si (∼148 W/m K). The result
suggests that a weak interaction among thermally conductive Si parti-
cles presents at a lower filler content, which thus results in the low
thermal conductivity due to the high interface thermal resistance. In
contrast, Si particles can form partial connection or networks at a
higher filler loading amount, which is beneficial for phonon transmis-
sion and thus capable of greatly increasing the thermal conductivity.
The thermal conductivities of the composites with 33.8 vol% Si, Si* and
Si*@PDA fillers are approximately 1.036 W/m K, 0.876 W/m K, and
0.891 W/m K, respectively, which are more than four times of that of
the pure epoxy.

Referring to the previous studies [49,50], the epoxy composite with
3 wt% Exfoliated Graphite (EG) showed higher thermal conductivity
(0.943 W/m K) than that of the composite with multiwall carbon na-
notubes (MWCNTs). The planar structure of 2D EG significantly in-
creased the interfacial contact area between the epoxy matrix and the
EG filler. Moreover, EG had lager specific surface area than that of Si
particles, which was easier to form a network even at low filler loading
content. As compared with the Si*/epoxy and the Si*@PDA/epoxy
composites, the Si/epoxy composite can be much more effective in
enhancing its thermal conductivity at the same filler content, because
the Si has higher intrinsic thermal conductivity than that of SiO2 and
PDA. In contrast, the thermal conductivity values of Si*@PDA/epoxy
composites are larger than those of Si*/epoxy at the same filler content,
but are slightly lower than that of those untreated Si/epoxy composites.
The reason is that the surface of the functionalized PDA has plenty of
amine groups, which can react with epoxy resin and enhance the in-
terfacial adhesion between the filler and the epoxy matrix. The ex-
cellent interface compatibility effectively reduces the void production,
which usually appears between the filler and epoxy matrix (Fig. 3), thus
resulting in the reduction of the interface thermal resistance. Moreover,
the thermal conductivity of the neat epoxy and the Si*@PDA/epoxy
composites shows a rather weak temperature dependence, primarily
owing to their high glass-transition temperature (Tg) and thermo-
stability (Figs. S4–7). The incorporation of Si particles would enhance
thermomechanical properties of epoxy matrix, which is consistent with
the previous work [7]. Nanofillers have significant effect on the thermal
and mechanical properties of polymer matrix [51–67]. Therefore, Si
particles can be a promising filler material to reinforce the epoxy
polymer matrix while largely preserving its thermal stability. Further-
more, surface treatment of Si particles can enhance the interfacial in-
teractions between the Si fillers and the epoxy. The covalent bonding
formation between Si particles and epoxy matrix can reduce the mo-
bility of the local matrix material around the filler particles, thus in-
creasing the thermal stability even at elevated temperatures [68,69].

The effective thermal conductivity of the Si/epoxy composites was
further elucidated and analyzed by combining the experimental data
and thermal conductivity model. On the basis of Y. Agari model [70],
the theoretical equation below was used in this work to explore the
influence of the fillers on thermal conductivity behavior of the com-
posites.

= + −K Φ C K Φ C Klog · ·log 1 ·log ·c f f f m2 1 (5)

where Kc, Km and Kf represent the thermal conductivities of the com-
posite, matrix and filler, respectively, and Φf is the volume fraction of
the filler. C1 is a factor regarding the effect of the filler on the secondary
structure of the polymer, and C2 relates to the degree of ease and dif-
ficulty in forming conductive chains of the filler. In eq. (5), logarithms
of the thermal conductivity values of the composite linearly increase
along with the volume fraction of the filler, while constants C2 and C1

are determined by the experimental measurement. As shown in Fig. 7,
the predicted thermal conductivity values are well consistent with the
experimental ones at low filler contents, and the deviation occurs at
high filler content owing to the poor dispersion of the fillers and the
voids produced within the composites, but which has not taken into

account in the theoretical prediction. Among all the three composite
systems, Agari model gives a good prediction for the thermal con-
ductivity of the Si/epoxy composites and the calculated values are close
to that of the experimental values.

4. Conclusions

In summary, we demonstrated the fabrication of three kinds of
epoxy-based composites using Si, core-shell Si@SiO2 (denoted as Si*)
and core-shell-shell Si@SiO2@PDA (denoted as Si*@PDA) as fillers,
respectively, and systematically investigated their dielectric properties
and thermal conductivities. It was found that the dielectric constant and
the loss tangent increased with increasing filler loading amount in the
three composites in a wide frequency range. As compared with Si/
epoxy, the Si* and Si*@PDA fillers remarkably suppressed the dielectric
loss tangent of the composites at the same filler fraction. The reason can
be ascribed to the formation of the SiO2 and the PDA shells on the
surface of Si particle, which served as an insulating layer between the Si
cores, thus preventing them from contacting with each other.
Meanwhile, a remarkable reduction of dielectric loss tangent was
achieved at a significantly reduced level of dielectric permittivity. The
thermal conductivities of the epoxy-based composites increased with
the increase of Si content in the three composites. The thermal con-
ductivity of the Si*/epoxy was slightly lower than that of the Si/epoxy
due to the lower thermal conductivity of the SiO2 shell, which sup-
pressed the phonon transfer. Interestingly, the thermal conductivity of
Si*@PDA/epoxy slightly increased in comparison with that of the Si*/
epoxy because the coated PDA layer effectively enhanced the interfacial
adhesion between the Si*@PDA fillers and the epoxy matrix. Moreover,
it's well recognized that the core-shell particle-based composites with
high dielectric constant but low loss tangent, high thermal conductivity,
Tg and storage modulus are very promising for embedded capacitors
and structural capacitors.
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