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Abstract

In this paper, well dispersed Si nanospheres (Si-NSs) were successfully
synthesized via a simple and efficient method by using radio-frequency (RF) thermal
plasma. Structures and morphologies of the prepared samples were characterized by
various techniques, including XRD, EDX, FESEM, HRTEM, SAED, BET and Raman

spectroscopy. It is found that the obtained Si-NSs present uniform spherical shape,
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smooth surface. The effects of experimental parameters (including quenching gas and
length of reaction path) on morphology and size distribution of Si particles were
investigated. The growth mechanism of Si nanoparticles in the thermal plasma was
discussed. Si-NS/phenolic resin (PR) composites were fabricated and their
performances including thermal stability, thermal conductivity, and dielectric
properties were measured. It indicates the composites exhibit high thermal
conductivity (6.2 W m™ K™) and dielectric constants of 106 at 100 Hz, which implies
they are applicable for energy storage-capacitors. The high thermal conductivity and
dielectric constant can be attributed to their uniform spherical shape and smooth
surface, which enable them disperse uniformly in the polymer matrix.
1 Introduction

Organic—inorganic composites with selected functional components exhibit
superior properties to that of their parent materials, and show wide applications such
as photovoltaic (PV) devices, microelectronics, lithium-ion battery and capacitors.’™*
A typical example is polymer—inorganic composites with high thermal conductivity
and large dielectric constant, which are highly desirable to meet the requirement of
heat dissipation and capacitive density for energy-storage device.>® Plenty of work
targeting to improve the dielectric constant of polymers has been developed.
Conductive materials such as carbon nanofibers (CNF),” multiwall carbon nanotube
(MWCNT)®* and graphene-encapsulated carbon nanotube (G-CNT)* are used as
fillers incorporated into polymer matrix to improve the dielectric constant, however,

the dielectric loss also remarkably jumps up and the breakdown strength heavily drops
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down, which greatly restricts their practical applications. Recently, ferroelectric
ceramics with high dielectric constant (BaTiOs, BaSr,TiO3)*** have been introduced
in the polymer matrix and acquire relatively high dielectric constant. However, they
still can’t get rid of the adverse effect on the breakdown strength of composites.
Except for dielectric constant, thermal conductivity of the dielectric materials is also
very disirable for the heat dissipation in dielectric composites, but few work has been
focused on it. Lee reported that the thermal conductivity could be increased to 2.42 W
m™ K for epoxy resin filled with AIN at its maximum loading of 60 vol.%." By
adding SiC whiskers with its maximum loading of 20.0 vol %, Li increased the
thermal conductivity of PVDF to 0.6 W m™ K™.1® Although great effort has been
made, the effect is moderate. Therefore, it remains a challenging task to improve the
thermal conductivity and dielectric constant at the same time, without significant
reduce of dielectric breakdown strength and abrupt increase of dielectric loss. As a
semiconductor, silicon shows great potential on photovoltaic devices and
microelectronics due to its relatively high thermal conductivity (up to 148 W m™ K™
and excellent dielectric property (the dielectric constant is 11.9). However, for
irregular micron particles, the improvement is limited even at high filler content due
to the difficulties in achieving homogeneous dispersion and forming efficient thermal
conductive paths in composite.” It had been realized nano-sized spherical particles
with smooth surface, which are apt to be uniformly dispersed in polymer, would be
beneficial to form thermal conductive networks and thus obtain relatively high

thermal conductivity."® In fact, the improvement of the fillers’ dispersion in host
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polymer is also an effective way to lower percolation threshold and achieve large
dielectric constant.® Considering from the above two aspects of high thermal
conductivity and large dielectric constant, nano-sized silicon particles with spherical
shape and homogeneous dispersion in polymer matrix are highly desired for the
composites’ practical application in energy storage capacitors.

During the past few years, a variety of chemical and physical methods have been
employed to fabricate silicon nanoparticles.?>?® However, these techniques are
restricted by kinds of drawbacks such as high-cost, low yield, and hard to control
particle size and morphology, which limit their further applications. Inductively
coupled radio-frequency (RF) thermal plasma vaporization route may be attractive for
overcoming the above limitations. Two of the great advantages of RF thermal plasma
are high reaction temperature (up to 10*K) and steep cooling rate (10°-10° K s™). In
addition, adjustable operation parameters make it possible to control the particle size,
phase and morphology, and sustainable operation makes it possible in large-scale
production. Moreover, compared with direct-current (DC) plasma, it is especially
suitable for synthesizing materials with high purity, which is vitally important for
microelectronics device. By controlling thermodynamic and Kkinetic factors,
nanomaterials with various morphologies and sizes have been successfully
synthesized in our previous work.?®%°
In this work, large-scale of Si-NSs were prepared in RF thermal plasma system

at atmospheric pressure. The significant features of the prepared Si-NSs are their

nearly perfect spherical shape, narrow size distribution and well dispersity. Operation
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parameters affecting the morphology and size distribution of Si were investigated. At
last, the as-prepared Si-NSs were used to prepare Si/PR nanocomposites, and their
thermal conductivity and dielectric properties were evaluated. It was found that the
Si-NS/PR nanocomposites showed high thermal conductivity and large dielectric
constants with enhanced dielectric breakdown strength and low dielectric loss. These
results demonstrate their potential application in energy conversion and storage
electronic devices with high heat dissipation.

2 Experimental

2.1 Preparation of Si nanoparticles

The experimental apparatus are composed of the following parts: RF induction
plasma generator system (used to generate the electromagnetic field); raw material
feeder system; products collection system (including heat exchange chamber cooling
by water; gas-solid separation chamber); exhaust system; and a gas supply and control
system. The schematic illustration of the configuration of the apparatus is available in
our published literature.?®

For Si nanospheres synthesis, the starting powder of large size Si (>99.9%, 5~20
um) were delivered into plasma by carrier gas in a continuous way. In order to reduce
the interference of other factors, the plasma source power input and the frequency
were maintained at 10 KW and 4 MHz respectively. When powders went through
plasma torch, a series of physical vapor reaction would occur in a very short time.
They were rapidly transported into heat exchange chamber and deposited on chamber

after cooling. To discuss effects of cooling rate on the products, natural cooling in the
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absence of quenching gas and rapid cooling by injecting transverse quenching gas
below the plasma torch were used. The typical operating parameters of plasma are
given in Table 1. After reaction, yellowish-brown deposited Si nanoparticles in the
plasma reactor chamber were harvested.

Table 1 Thermal plasma operating parameters in Si nanoparticles synthesis

Operating parameters value
Plasma power input 10 kW
Applied frequency 4 MHz
Flow rate of central gas, argon 0.8m*ht
Flow rate of sheath gas, argon 1mht
Flow rate of carrier gas, argon 03m*h?
Flow rate of quenching gas, argon 6mht
Raw material 5~20 um
Powder feed rate 2 g min™

2.2 Preparation of Si/PR nanocomposites

At first, the as-synthesized Si-NSs or micro-sized Si were dispersed in ethanol
and ultrasonicated for 30 min to form suspensions. Subsequently the suspensions were
added into a certain amount of liquid PR drop by drop under a continuous mechanical
stirring at 60<C. Then hexamethylenetetramine (HMTA) was added into the above
mixture, and was stirred for another 1h, after that the homogeneous suspensions were
degassed at 80<C in a vacuum oven for 30 min. Then the mixture was poured into a

stainless steel molds, and cured in an oven at 130<C for 2h. After the molds were
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cooled naturally to room temperature, the Si-NS/PR composites were obtained after
demoulding.
2.3 Characterization and Measurement

The phase and crystal structure of obtained products were characterized by X-ray
diffraction (XRD, Philips X’ Pert PRO MPD) operated at 40 kV and 30 mA with Cu
Ka radiation. The morphologies of the samples were observed by field-emission
scanning electron microscopy (FESEM, JSM-7001F, JEOL, Tokyo, Japan) and
transmission electron microscopy (TEM, JEM-2100, JEOL, Tokyo, Japan). Elemental
analysis was determined by energy dispersive X-ray (EDX) attached to the FESEM
instrument. X-ray photoelectron spectroscopy (XPS) was conducted to analyze the
surface chemical state by a Thermo Scientific ESCALAB 250 Xi XPS system. Raman
spectroscopy was performed on Renishaw invia Raman Microscope with an excitation
wavelength of 632.8 nm. The Brunauer—-Emmett-Teller (BET) surface area of the
sample was measured by Micrometrics ASAP 2010 analyzer. Thermal gravimetric
analyses (TGA) and Differential scanning calorimetry (DSC) of Si/PR composites
were performed with a TG-209 F3 instrument (NETZSCH, Germany) at a heating rate
of 10 T min® under the nitrogen atmosphere. Thermal conductivities of the
composites were measured with LFA 427 Nanoflash (NETZSCH, Germany)
according to ASTM E1461. The dielectric and electrical properties were examined by
an Agilent 4294A impedance analyzer in the frequency range of 100 Hz to 10 MHz.
Dielectric breakdown strength was conducted using a dc dielectric strength tester (DH,

Shanghai Lanpotronics Co., China) at room temperature in a voltage ramp rate of 2 V
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s’ until the breakdown failure of a sudden current increase.

3 Results and Discussions
3.1 Characterization of Si Nanoparticles

The silicon raw materials display irregular shape with wide particle size
distribution from several to 20 micrometers as shown in Fig. la. After treated by
thermal plasma, nano-scale particles were obtained. Under natural cooling, the Si
nanoparticles obtained show irregular spherical shape, with non-uniform size, rough
surface and bad dispersity (Fig. 1b), which was denoted as irregular Si nanoparticles

(Si-INs). However, when given rapid cooling, the Si nanoparticles with uniform size

of about 50 nm show perfect spherical shape, smooth surface and good dispersity (Fig.

1c). The results indicate that the rapid cooling rate contributes to the formation of
particles with small size, uniformity, high degree of sphericity and good dispersity. In
addition, the specific surface area of Si-NSs was measured to be 56.99 m? g}
corresponding to the theoretical calculated value of spherical particles with the
diameter of 46 nm, which matched well with the size of Si-NSs observed by SEM.
The detailed structural analyses of Si nanospheres were further performed using
TEM analysis in Fig. 1d, which clearly display the uniform spherical shape and good
dispersity of obtained products, consistent with SEM observation. HRTEM (Fig. 1e)
shows a clean and perfect crystalline structure, indicating the single-crystalline
structure of the nanosphere. The measured lattice fringe spacing of Si-NSs is 0.31 nm,
corresponding to (111) plane of diamond cubic structure (Fig. 1e). It, together with the

corresponding SAED pattern (inset of Fig. 1le) reveals that the Si-NSs are single
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crystal with high crystallinity. The EDS spectroscopy (Fig. 1f) of Si-NSs indicates

that Si is the main element, and 2.86 wt.% oxygen is detected in the products.
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Fig. 1 SEM images of (a) raw Si, (b) Si-INs obtained with natural cooling and (c)
Si-NSs obtained with rapid cooling, (d) TEM image of Si-NSs, (¢) HRTEM image of
Si-NS and the corresponding SAED pattern (inset) and (f) EDS diagram of Si-NSs.
The measurement of XPS was conducted to further confirm the
surface/near-surface chemical composition of Si nanospheres. As shown in Fig. 2a, it
is mainly composed of Si, O and C elements according to the full-range XPS spectra,
of which C contamination is mainly attributed to the residual solvents. More detailed
information about the chemical state of these elements can be obtained in the high
resolution XPS spectra of the Si 2p and O 1s in Fig. 2b-c. The first peak at lower
binding energy (BE, 98.7 eV) is assigned to the unoxidized Si atoms (Si°) of the Si
core, while the second peak at higher BE (103.1 eV) is attributed to fully oxidized Si
(Si** states), in between is suboxide components (Si** states), forming the Si/SiO,
interface.® In the O 1s spectra, the high BE component located at 532.5 eV is
attributed to chemisorbed or dissociated oxygen on the surface of Si nanospheres,

such as CO, , O, or H,0, while the typical BE (531 eV) of O ions for SiO, is fair
9
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weak.3>32 Therefore, the oxygen in the product is mainly derived from chemisorption

and surface oxidation of Si nanospheres when exposed at ambient.
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Fig. 2 (a) XPS spectra and (b-c) high resolution XPS spectra of Si nanospheres at
binding energies corresponding to Si 2p and O 1s.

Fig. 3a shows the typical XRD pattern of the Si-NSs and Si-INs synthesized by
RF thermal plasma. The sharp diffraction peaks in the XRD patterns reveal their good
crystallinity. The characteristic peaks (111), (220), (311), (400), (331) and (422) are
well agreement with the standard card (JCPDS No. 00-027-1402), which is face
centered cubic (fcc) structure, belonging to the space group Fd-3m with lattice
constants of a=b=c=5.431 A. The crystal structures of the obtained Si-NSs and Si-INs
were further characterized by Raman scattering spectra, as shown in Fig. 3b. The
spectra peaks of Si-INs are located at 517.8 cm™* and 959.6 cm™, while the spectra
peaks of Si-NSs are located at 514.7 cm™ and 955.1 cm™. It is widely accepted that
the sharp peaks in the vicinity of 520 cm™ and the broad band centered at around 960

10
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cm™ belong to the first-order transverse optical (TO) and two transverse optical (2TO)
phonons, respectively.** Compared with Si-INs, the Raman spectrum of Si-NSs

presents subtle downwards shift and a broadened full width at half maximum of the

first-order phonon mode, which could be attributed to phonon confinement effect.>**
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Fig. 3 (a) XRD patterns and (b) Raman spectras of Si-INs and Si-NSs.

Fig. 4a and 4b show the TEM images of Si-NSs deposited on the upper and
bottom of reactor wall, respectively. From the images we can see that both of them
show spherical shape despite their different deposited location. However, compared to
the nano-spheres deposited on the upper part of reactor, the nano-spheres deposited on
the bottom exhibit large average diameter and show wide size distribution. Detailed
size distributions and diameters of the two kinds of nano-spheres are shown in Fig. 4c.
In vapor deposition synthesis process, the residence time plays an important role in
the particle size and distribution.®**” Compared to the particles deposited on the upper
part of reactor, particles deposited on the bottom of reactor have enough time to
further nucleate and grow up as they go through longer reaction path. As a result,

nanospheres with wider size distribution and larger diameters are finally obtained.**

11
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Fig. 4 TEM images of the Si nanospheres deposited on the upper (a) and bottom (b)
wall, (c) diameter statistical distribution of the two kinds of Si nanospheres.
3.2 Formation mechanism of Si nanoparticles

In thermal plasma synthesis, it is an intricate heat and mass transfer process that
involves phase conversion, interactions among thermo fluid field, electromagnetic

field, and particle concentration field.**** To clarify the growth mechanism of Si

nanoparticles, the schematic illustration for the formation process was proposed in Fig.

5. At the first stage, irregular micro-sized silicon were melted and evaporated rapidly
with the assistance of high enthalpy provided by thermal plasma arc. Subsequently,
the vaporized Si transported to the tail of the plasma where the temperature decreased
drastically and homogeneously nucleated due to the high degree of supersaturation.
Then the Si nuclei get into the crystal growth stage, and at this stage different-shaped
Si nanoparticles are obtained due to their different cooling rate. With a natural cooling
(i.e. the cooling rate is relatively low), the fresh formed nuclei grew up, agglomerated
and formed aggregates, resulting in irregular nanoparticles (Fig. 1b). Whereas,
agglomeration can be suppressed at very high temperature gradients for introducing
Ar quenching gas.*® The nanocrystal forming by collision and fusion of nuclei

presents spherical shape as it possesses the minimum surface energy (Fig. 1c).*®
12
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Fig. 5 (a) sketch of the RF plasma reactor, (b) temperature thermofluid field in plasma
arc and (c) schematic illustration for silicon nanoparticles growth.
3.3 Thermal stability of Si/PR composites

It has been confirmed that the thermal conductive properties of the polymer
nanocomposites are closely associated with the dispersion and interface adhesive
between fillers and matrix.*** Therefore, the thermal stability of pure PR and
composites were investigated by TG and DSC analysis, respectively. Fig. 6 shows the
TG and DTA curves of pure PR and Si-NS/PR composite with 50 wt.% (i.e. 28 vol.%)
Si-NS loading. The thermal degradation for both samples can be divided into three
stages, which is similar to previous report.**® In the first stage from room

13
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temperature to 225°C, small terminal groups of the cured resin were removed,
accompanied by the formation of additional cross-links as a result of condensation
reactions. The second stage for pure PR is from 220C to 600<C, which is
corresponding to the decomposition of PR polymer matrix. However, the beginning
temperature for PR decomposition in Si-NS/PR is 300<C, which is almost 80<C
higher than that of pure PR. When the temperature increases to 620<C, pure PR was
completely decomposed, with 5.1 wt.% char was left. For the Si-NS/PR composite,
the weight still shows no change over temperature 620<C. However, calculated from
the weight loss, it indicates 5.5 wt.% PR was still left in the Si-NS/PR composite. The
higher PR decomposition temperature and the existence of PR at high temperature
(620-800C) for Si-NS/PR composites indicate PR’s thermal stability was improved
due to the existence of Si-NSs. This dramatic improvement of thermal stability has a
close relationship with the interfacial interaction between nanoparticles and polymer
matrix.*>*® With nanoscale and smooth sphere morphology, Si nanospheres could be
dispersed uniformly in the polymer matrix and strong particle/matrix interfacial
interaction is introduced, which is an effective way to restrict the thermo motion of

polymer chains and improve the thermo stability.”

14
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Fig. 6 TG and DTA curves of 50 wt.% Si-NS/PR composite and pure PR under N,
atmosphere at the heating rate 10<C min™.
3.4 Thermal conductivity of Si/PR composites

The thermal conductivities of composites incorporated with irregular
micron-sized silicon and nano-spherical silicon are presented in Fig. 7. It is obvious
that all composites show increased thermal conductivity with the increasement of
volume fraction. Both Si-NS/PR and micro-sized-Si/PR composites show moderate
thermal conductivities increase at low Si volume fraction and rapidly increase when
the filler content is further increased. For example, the thermal conductivity of
Si-NS/PR increases from 0.20 to 2.63 W m™ K, as the fraction of Si-NSs increases
from 0 to 28%. However, when the volume fraction of Si-NSs is over 28 vol%, there
is a rapid thermal conductivity increase, and the thermal conductivity of Si-NS/PR is
improved to 6.20 W m™ K™ at the volume fraction of 47 vol.%, which is about
30-times higher than the value of pure PR (0.2 W m™ K™). Importantly, the Si-NS/PR
composites exhibit a superior thermal conductivity than micro-sized-Si/PR

composites, especially at high filler content. For example, with 47 vol.% filler content,
15
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the thermal conductivity of Si-NS/PR composite is 6.20 W m™ K™, almost 2 times of
that of micro-sized-Si/PR (the thermal conductivity of micro-sized-Si/PR is only 3.5

W m™ K™ at the filler content of 47 vol.%).
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Fig. 7 Thermal conductivities of Si-NS/PR and micro-sized Si/PR composites with
different volume fractions of Si.

The typical thermal conductivity change of obtained nano-Si/PR composite

could be well explained by the distribution state of nanoparticles in the organic matrix.

The SEM images of Si-NS/PR composites with different volume fractions of Si were
shown in Fig. 8. At low volume fractions, Si-NSs are isolated like “islands” in matrix,
which inhibits the forming of thermal conductive paths and cuts off the diffusion of
heat flow, leading to a relative low thermal conductivity. When the filler content
reaches to a certain value, thermal conductive paths are formed as the conductive
additives interweave with each other. As a result, the resin layer between
nanoparticles becomes thinner and the thermal resistance is reduced.®**® That is, the
thermal conductivity of composite will be mainly dominated by high thermal

16
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conductive Si (148 W m™ K™) and increases remarkably. In addition, compared to
micron irregular particles and granular aggregate, larger interface would be induced as
the Si nanospheres are uniformly dispersed in the polymer matrix. As a result, a strong
particle/matrix interfacial interaction is introduced, which has been proved to be an
effective way to decrease the interfacial thermal resistance and improve the thermal

conductivity.”***

T

-
|

Si sphere ., PpR

Neat PR

Fig. 8 SEM images of fracture surface of Si-NS/PR with various Si-NSs volume
fraction: (a) 0 vol.% (b) 14 vol.% (c) 28 vol.% and (d) 47 vol.%.
3.5 Dielectric properties of Si/PR composites

Fig. 9 shows the frequency dependence of dielectric properties for pure PR and
Si-NS/PR composites at different volume fractions of Si-NSs over the frequency
range of 10 Hz to 10" Hz. It can be seen that the dielectric constant ¢ (Fig. 9a)
monotonic increases with the rising of Si-NSs loading and decreases with the
frequency increasing. When the filler loading is less than 28 vol.%, & shows slight
variations over the frequency range from 10° Hz to 10’ Hz. However, ¢ increase

rapidly when the filler loading exceeds 36 vol.%, especially at low frequencies part.
17
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In particular, the dielectric constant € of composite increases to 106 at 100 Hz with 47
vol.% filler, which is 4 times higher than that of pure PR matrix at the same frequency.
The enhancement of ¢ is mainly ascribed to interfacial polarization which can be
explained by the percolation theory.® Compared to micron sizes and granular
aggregation, large interfacial areas would be induced as the Si nanospheres uniformly
dispersed in the polymer matrix. As the electrical conductivity of Si-NSs is quite
different from that of polymer matrix, charge carriers of the electrode can migrate and
accumulate at the interfaces between Si-NSs and polymer when an electric field is
applied on the samples. The migration and accumulation of the charge carriers will
lead to a high degree of interfacial polarization, which results in a high dielectric
constant.’® The decrease of ¢ at high frequencies is caused by the relaxation of PR
dipole polarization, that is, orientation polarization of dipoles cannot follow with the
external electric field, and thus leads to the decrease of dielectric constant.

The frequency dependence of dielectric loss tangent (tan &) of Si/PR
nanocomposites and pure PR are shown in Fig. 9b. Compared to the pure PR, the tan
& of nanocomposites decreases with the addition of Si-NSs. As we know, there are

three aspects causing the dielectric loss:***’

conduction (transport-related loss),
movement of molecular dipoles (dipolar loss) and space charge (interfacial
polarization contribution). It is widely accepted that tan & is mainly affected by the
interfacial polarization at low frequencies, whereas dipolar relaxation process is the
dominant factor at high frequencies. At low frequencies, strong interfacial interaction

between Si-NSs and PR suppresses the movement of molecular dipoles, resulting in

18
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low tan 8. At high frequencies, dipole polarization of PR is weakened with the rising
of Si-NSs loading (i.e., the content of PR reduced) and leads to a low tan 8. Thus, the
dielectric loss tangent tends to remain stable and low value when the packing fraction

of Si nanospheres is greater than 36 vol. % in the frequency range of 10%-10" Hz.
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Fig. 9 Frequency dependence of (a) dielectric constant (b) dielectric loss tangent for
pure PR and Si-NS/PR composites filled with different Si-NSs contents.

For dielectric material, high dielectric constant is not the only factor in practical
applications, high breakdown strength (E,) is also of great importance, as it
determines the operating electric field and the maximum energy storage density of the
dielectric material.®® Normally, particle fillers lead to a decline in the breakdown
strength of the polymer matrix, which will hinder the practical application of polymer
matrix composites.** However, as shown in Fig. 10, the breakdown strength (Ey) of
Si/PR nanocomposites increases with a low loading of Si nanospheres. For example,
the E, value of the nanocomposite with 4.1 vol % Si nanospheres increases to 14.2
MV m, which represents a 54% increase over the breakdown strength of pure matrix
(9.25 MV m™). With further increasing of the filler loading, The E, gradually

decreases, but is still higher than that of the pure matrix. This interesting phenomenon
19
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is similar to the result of recent report.>> The E, increases with a low loading is
attributed to the presence of Si nanospheres, which act as scattering centers in the
composites and effectively increase the charge scattering, resulting in an increase of
breakdown strength.®®®* However, at high loadings, electrical pathways would formed
and enhance the electric field near the interface, due to the differences of electric
properties between fillers and polymer, which leads to the E, of composites gradually
decreases.®® However, it should be note that even at a high filler content of 28 vol %,
the Ep, value of the nanocomposite is 9.30 MV m™, which is still slightly higher than
that of pure polymer matrix. This is attributed to the uniform dispersion in the

polymer matrix and the strong particle/matrix interfacial interaction at such high filler

content.

14
13-.
12-.
11-.
10-‘

0 5 10 15 20 25 30
Filler content (vol %)

Breakdown strength (MV m™)

= -]

Fig. 10 Breakdown strength of Si-NS/PR composites with different volume fractions
of Si-NS and digital photo of test sample (inset).
4 Conclusion

In summary, Si nanospheres with uniform size, smooth surface and good

dispersity are synthesized via one-step RF thermal plasma method at atmospheric
20
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pressure. Morphologies and size of the Si naoparticles can be adjusted by controlling

experiment parameters. Formation mechanism of the Si-NSs and Si-INs is proposed

based on experiment results. Furthermore, Si-NS/PR nanocomposites were prepared,

and they show both high thermal conductivity and dielectric constant, which imply

their potential applications in energy-storage electronic devices.
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Nanocomposites with high thermal conductivity and large dielectric constant
incorporated with Si nanospheres prepared by thermal plasma are reported.
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