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ABSTRACT: The incorporation of conductive nanofillers into an g @
insulating polymer matrix commonly leads to nanocomposites with ﬁ

good electrical, thermal, and mechanical properties. In this study, & & T U BT
copper nanowires (CuNWs) and polystyrene (PS) microspheres \y ‘ '

were synthesized along with the fabrication of CUNW/PS polymer — & ﬁ) H

nanocomposites. The electrical, thermal, mechanical, rheological, @ PDA-coated & %9

and morphological properties of the CuNW/PS nanocomposites Q Blending with Vo T k1T
were examined. The CuNWs were homogeneously dispersed in the @ NG N PS latex

PS matrix through latex blending. For the CuNW/PS nano- CuNWs W Q @
composites, the storage modulus was higher than the loss modulus &

at all frequencies, indicating their elastic-dominant behavior. The @ Ve T, k1

electrical and thermal conductivities of the nanocomposites

increased with an increasing CuNW content. Using a mixed dispersion of two monodisperse PS particles of S00 nm and 5 pm
in diameter resulted in the highest electrical conductivity (ca. 10° S/m for 30 wt % nanofillers) among the nanocomposites. In
addition, the introduction of silica- and polydopamine-coated CuNWs as nanofillers imparted insulation properties to the
nanocomposites, with electrical conductivities to 107'°~107* S/m. When using 500 nm PS particles, the thermal conductivity of the
surface-modified CuNW/PS nanocomposite at 30 wt % of CuNW was enhanced to 0.22 W/m-K compared to 0.17 W/mK for its
unmodified counterpart. We have achieved multiple innovative approaches, including the use of mixed particle sizes, surface
modification of CuNW, and the exploration of elastic-dominant behavior. This enhanced thermal conductivity, coupled with the
attainment of insulation properties, presents a distinct advantage for thermal interface material (TIM) applications.

1. INTRODUCTION fore, the compatibilities between nanofillers and between
nanofillers and the polymer matrix are important for improving
the dispersion of nanofillers in the matrix.

In terms of preparation of a polymer matrix, spherical

Polymers and polymer nanocomposites are widely used in
various fields owing to their excellent processability, lightness,
low cost, and good resistance to chemicals despite their

relatively low mechanical properties and thermal and electrical POIYSItZ)’{gne (PS) Parliiflle; can be synt1117esized via suspen-
conductivities, compared to metals and ceramics." For sion, ~° dispersion, precipitation, © and emulsion

instance, in electrically conductive polymer nanocomposites, polymerization. Dispersion polymerization yields monodis-
the low electrical conductivity of polymers is overcome by perse microparticles, whereas in suspension polymerization, 1—
embedding highly conductive nanofillers such as carbon 1000 um particles with various sizes and monodispersity are
nanotubes (CNTs), graphene, and metal nanowires into a obtained by tailoring the interfacial tension and suspension
polymer matrix.”~® Nanosized fillers substantially enhance the stability.'” However, these polymerization methods have
electrical, thermal, and mechanical properties of the nano- difficulty producing submicron-sized particles with sizes of
composites because of their large specific surface areas <1 pum.”° Precipitation polymerization produces more robust

compared with microsized fillers at the same concentration.

Typically, the conductivity of polymer nanocomposites is
related to the size and concentration of the nanofillers. Low
concentrations and aspect ratios of nanofillers cause failure to
achieve electrical networks among the nanofillers, leading to
electrical insulation.'® However, electrically conductive materi-
als can be produced above the electrical percolation threshold
of nanofillers."" The poor dispersion of nanofillers in a polymer
matrix results in agglomeration and degrades the properties of
the nanocomposites, despite high filler concentrations. There-

microparticles with a higher cross-link density but less
. . . . . . . 21
monodispersity, compared with dispersion polymerization.
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Figure 1. Schematic of the fabrication steps: (a) purification of CuNWs and (b) preparation of a homogeneous CuNW/PS/IPA mixture.

Emulsion polymerization is suitable for synthesizing mono-
disperse PS submicroparticles.”' In particular, emulsifier-free
emulsion polymerization using only an initiator is preferred
because it does not require the removal of emulsifiers and
surfactants.””*’

Metal nanowires exhibit higher specific aspect ratios, better
optical properties, and higher thermal and electrical con-
ductivities in comparison to electrically conductive carbon-
based nanofillers (CNTs, graphene, and carbon fibers). Among
the different types of metal nanowires, copper nanowires
(CuNWs) are employed owing to their ease of fabrication with
high aspect ratio, purity, and low cost (compared with silver
nanowires).”* CuNWs are routinely synthesized using the
template method”>*° and electrochemical deposition.””
Recently, they have been synthesized via Cu reduction in
aqueous solutions, which is known as aqueous-media
reduction.”® The specific aspect ratio and oxidation can be
controlled by adjusting the capping agent, the reaction
temperature, and the reaction time. For instance, a low
reaction temperature and short reaction time resulted in
CuNWs with a low specific aspect ratio. Common capping
agents include ethylenediamine (EDA),”” polyvinylpyrrolidone
(PVP), and hexadecylamine (HDA).?® The use of EDA led to
agglomeration of the nanofillers, resulting in poor properties of
nanocomposites.”’ PVP is widely used for Ag and Pd growth
but is unsuitable for Cu owing to no effect on suppression of
Cu oxidation.> In contrast, HDA is effective for growing
CuNWs without oxidation; thus, HDA is widely used.

In the realm of electrical applications, the desirability of
possessing robust thermal and electrical conductivities is
widely acknowledged.”™*° However, there exist scenarios
where materials exhibiting electrical insulation alongside
thermal conduction find utility.**"* Notably, such materials
find application as thermally conductive electrical insula-
tors, >’ facilitating thermal management in electronics,®
enhancing sensor capabilities,”” and enabling the development

of efficient thermal barrier coatings.*” It is important to note
that the relationship between electrical and thermal con-
ductivities is intimately intertwined. Materials boasting high
thermal conductivity often concurrently demonstrate elevated
electrical conductivity.”>™*> To address this interrelation, a
strategic approach involves the encasing of electrically
conductive materials with insulating layers, thereby enabling
the curtailment of electrical conductivity while upholding
thermal transfer characteristics. This intriguing interplay of
high thermal conductivity with adjustable electrical conductiv-
ities thereby unveils a realm of extensive applicability across
various domains. In this study, PS was selected as the matrix of
polymer nanocomposites because of its good mechanical
properties, thermal stability, and processability. 5 ym and 500
nm PS microspheres synthesized via dispersion polymerization
and emulsifier-free emulsion polymerization, respectively, were
compared. CuNWs synthesized via aqueous media reduction
were chosen as conductive nanofillers. Dextrose, which is
commonly used in the case of HDA-capping systems because
of its high purity and monodispersity, was selected as the
reductant.”’ Furthermore, CUNW surfaces were coated with
silica (SiO,) and polydopamine (PDA) to induce electrical
insulation, maintaining thermal conductivity for applications in
thermal interface materials (TIMs)."'~* Finally, thermally
conductive polymer nanocomposites with electrical insulation
were fabricated via latex blending and characterized.

2. EXPERIMENTAL SECTION

2.1. Materials. Copper(Il) chloride dihydrate (>99%),
dextrose, tetraethyl orthosilicate (TEOS, >99%), tris-
(hydroxymethyl)amino methane, dopamine hydrochloride,
PVP (MW = 40,000 g/mol), and HDA (>90%) were
purchased from Sigma-Aldrich (St. Louis, Missouri, USA).
Acetone (99.5%), ethyl alcohol (99.9%), styrene monomers
(99.5%), potassium persulfate (KPS, >99%), 2,2’-azobisisobu-
tyronatrile (AIBN, 98%), isopropyl alcohol (IPA, 99.5%), and
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Figure 2. Overall fabrication avenues of CuNW/PS nanocomposites with and without surface modification.

1-butanol were purchased from Samchun Chemical Co. (South
Korea).

2.2. Synthesis of PS Particles. 2.2.1. Synthesis of 500
nm PS Particles. 500 nm PS monodisperse microspheres were
synthesized using KPS as an initiator via emulsifier-free
emulsion polymerization. First, KPS was completely dissolved
in deionized (DI) water. Subsequently, ethanol, styrene, and
KPS were sequentially added to a jacketed glass reactor. The
resulting solution was stirred at 300 rpm for 20 min at room
temperature. Then, the mixture was further stirred at 120 rpm
for 24 h at 70 °C for polymerization. After polymerization, the
solution was washed three times with ethanol and DI water,
respectively, by a centrifuge.

2.2.2. Synthesis of 5 um PS Particles. S ym PS
monodisperse microspheres (S um) were synthesized via
dispersion polymerization with an AIBN initiator. First, PVP
and AIBN were dissolved in 1-butanol and styrene,
respectively. These two solutions were inserted into a jacketed
glass reactor and stirred at 120 rpm for 24 h at 70 °C. After
polymerization, the final solution containing the PS particles
was washed three times with ethanol and DI water, separately
via centrifugation.

2.3. Synthesis of CUNWs. The CuNWs were synthesized
by using aqueous media reduction. Dextrose as a reductant and
HDA as a capping agent were sequentially dissolved in DI
water. Copper chloride dihydrate was added to the solution,
and the resulting solution was stirred for 12 h at room
temperature to reduce the number of Cu ions in the aqueous
solution. Subsequently, the CuNWs were grown in an oil bath
without stirring for 10 h at 110 °C. The synthesis was
terminated by quenching the mixture. The quenched mixture
was then washed with acetone via centrifugation to remove the
reductant and impurities such as Cu particles and short
CuNWs, as shown in Figure la.

2.4. Surface Modification of CuNWs. 2.4.1. Silica-
Coated CuNW. The CuNW surface was coated with silica to
achieve electrical insulation and high thermal conductivity for
TIM applications. 0.3 g of CuNW was added to 80 mL of IPA,
and the mixture was stirred at 120 rpm for 30 min at room
temperature. Subsequently, 0.06 mL of TEOS was added and
the final mixture was stirred at 120 rpm for 12 h at room
temperature. After polymerization, the mixture was vacuum-
filtered using an aspirator and then washed five times with IPA
via centrifugation at 10,000 rpm for 1000 s at 4 °C.

46957

2.4.2. PDA-Coated CuNW. The CuNW surface was also
coated with PDA to achieve electrical insulation with high
thermal conductivity for TIM applications. First, 1.21 g of
tris(hydroxymethyl)amino methane was dissolved in 400 mL
of DI water. The pH value of the aqueous solution was set to
8.5 by adding dilute hydrochloric acid. 0.1 g of CuNW was
added to the aqueous solution at pH 8.5, followed by stirring at
120 rpm for 2 h. Afterward, 0.05 g of dopamine hydrochloride
was added to the mixture. The CuNW surfaces were coated
with PDA at different reaction times. The resulting solution
was vacuum-filtered using an aspirator and then washed three
times with DI water and IPA for 1000 s at 4 °C and 10,000
rpm through a centrifuge, respectively.

2.5. Preparation of the PS/CuNW Nanocomposite.
2.5.1. Dispersion of PS Particles and CuNWs. IPA was used as
a dispersion solvent because it is suitable for both hydrophobic
PS microspheres and HDA-capped CuNW dispersions. 10 phr
of PS was dispersed in IPA, and the suspension was stirred at
500 rpm for 1 h at room temperature. Afterward, the CuNWs
were added to the suspension and dispersed by continuously
stirring the entire mixture at 500 rpm for 2 h. Subsequently,
the CuNW/PS/IPA mixture was further dispersed via
ultrasonication at 10 W for 1 h, as shown in Figure 1b.

2.5.2. Fabrication of the PS/CuNW Nanocomposite. After
a homogeneous dispersion of CuNW in the PS/IPA
suspension was obtained, the whole mixture was dried at 60
°C in a vacuum oven to eliminate IPA. The dried CuNW/PS
mixture was finely ground. Then, the finely ground powder was
put into a mold with a diameter of 10 mm and thickness of 1
mm at 210 °C. The molten composite was held at 210 °C until
the voids were removed and then pressed at 210 °C for 10 min
under 10 MPa of pressure, producing a round disk-like
specimen with a diameter of 10 or 25 mm and a thickness of 1
mm. The process from grinding to compression was repeated
three times to completely remove the voids. Figure 2 shows the
summary of fabrication routes for CUNW/PS nanocomposites
with and without surface modification.

2.6. Characterization. Field-emission scanning electron
microscopy (FE-SEM; Apreo, FEI, Hillsboro, Oregon, USA)
was utilized to examine the morphologies of the PS particles,
CuNWs, CuNW/PS powder, and fractured surface. The
electron beam voltage was set to 10 kV. The specimens were
sputter-coated with Au prior to the SEM observations. The
dispersity of the CuNWs in the matrix was analyzed using SEM
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Figure 3. SEM images of (a) S um (dispersion polymerization) and (b) 500 nm (emulsifier-free emulsion polymerization) PS microspheres and

(c) CuNWs synthesized via aqueous media reduction.

and energy-dispersive X-ray spectroscopy (EDX) at a dwell
time of 1000 s and X5000 magnification, with four scans.

X-ray diffraction spectroscopy (XRD; ARL EQUINOX
3000, Thermo Fisher Scientificc Waltham, Massachusetts,
USA) was utilized to analyze the oxidation of Cu and silica
coating on the surfaces of CuNW and silica-coated CuNW.
The X-ray angle was set at 6°, with a voltage of 40 kV and a
current of 30 mA.

A rotational rheometer equipped with parallel plate
geometry (MCR300, Anton Paar, Graz, Austria) was used in
small-amplitude oscillatory shear mode at 210 °C and a strain
amplitude of 3%. Specimens were prepared by compression
molding in the form of circular disks with a diameter of 25 mm
and a thickness of 1 mm. A frequency sweep was performed
from 0.01 to 100 rad/s to evaluate the rheological properties,
such as the storage modulus and complex viscosity, of the
CuNW/PS composites.

The electrical properties of the CuNW/PS composites were
investigated using a picoammeter (Keithley 6487, Keithley
Instruments, Solon, Ohio, USA) and a digital multimeter
(Fluke 189, Fluke, Everett, Washington, USA) for sample
resistances of >500 and <500 M&, respectively. The round
disk-like specimens were 10 mm in diameter and 1 mm thick.
The electrical conductivities of the nanocomposites were
determined based on the following equation:

o= 2
RS 1)
where 0, R, S, and d represent the electrical conductivity,

resistance, cross-sectional area, and thickness of the sample,
respectively.

For the measurements of thermal conductivities of the
CuNW/PS nanocomposites, the z-axis thermal diffusivities
were measured at room temperature (25 °C) by using a
thermal conductivity measurement instrument (LFA 467
HyperFlash, NETZSCH Co., Germany). The dimensions of
round disk-like specimens were a diameter of 10 mm and a
thickness of 1 mm. The specific heat of the nanocomposites at
room temperature (25 °C) was measured by using differential
scanning calorimetry (DSC, Jade DSC Lab System, Perki-
nElmer Co., Waltham, Massachusetts, USA). Each sample
(approximately 3 mg) was sealed between a hermetic Al pan
and lid. The sample was heated at a scanning rate of 10 °C/
min under a N, atmosphere. The thermal conductivities of the
nanocomposites were finally determined from the measured
values (thermal diffusivity and specific heat), based on eq 2.

k=pCa (2)

where k, p, C,, and a represent the thermal conductivity,
density, specific heat, and thermal diftusivity, respectively.

3. RESULTS AND DISCUSSION

3.1. Morphologies of PS Microspheres and CuNWs.
3.1.1. Morphologies of 500 nm and 5 um Monodisperse PS
Particles. Emulsifier-free emulsion polymerization and dis-
persion polymerization were utilized to synthesize 500 nm and
S um monodisperse PS microspheres, respectively. The
monodispersity of PS can be affected by various factors such
as the concentration of materials, reaction temperature, and
reaction time. Thus, after the synthesis of the PS particles, their
morphologies were observed by using FE-SEM. Figure 3a and
b shows highly monodisperse PS microspheres. Unlike 5 ym
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Figure 4. SEM images (a, b) of silica-coated CuNWs: (a) magnification of 20,000%, (b) magnification of 100,000%, and (c) XRD patterns of
CuNWs and silica-coated CuNWs.

Figure S. SEM images of PDA-coated CuNWs prepared with different reaction times: (a) 3, (b) 6, (c) 12, and (d) 24 h.
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PS particles using a stabilizer (PVP), in the emulsifier-free
synthesis of S00 nm PS particles, sulfate ions (SO,*7)
generated by the decomposition of KPS are attached to the
styrene monomer and the repulsive force between these sulfate
ions stabilizes the latex particles and acts as a stabilizer.

3.1.2. Morphology of CuNWs. FE-SEM was performed to
examine the 1D-nanostructured CuNWs grown via aqueous
media reduction with HDA as a capping agent and dextrose as
a reducing agent. Impurities such as Cu particles, unreacted
materials, and residual reducing agents must be removed in the
case of inappropriate concentrations of substances and side
reactions in aqueous media reduction, as previously shown in
Figure la. In addition, the aspect ratio of CuNW was
influenced by the reaction temperature and time. Therefore,
the morphologies of CuNWs were investigated to verify their
uniform diameters and length. The average diameter and
length of the CuNWs were 99.2 + 21.1 nm and 54.8 + 28.0
pum, respectively, resulting in an aspect ratio of approximately
550, as shown in Figure 3c.

3.2. Morphologies of CuNWs with Surface Modifica-
tion. 3.2.1. Morphology of Silica-Coated CuNWs. Nanofillers
such as alumina (Al,0;), aluminum nitride (AIN), and boron
nitride (BN) are routinely used as TIMs in conductive polymer
nanocomposites.** However, a high loading of these nanofillers
is required to achieve the desired thermal conductivity for
TIMs. In addition, high loading generally results in the
aggregation of nanofillers and heterogeneous dispersion,
thereby degrading various properties. To address this issue,
in this study, the surfaces of CuNWs were coated with silica
(Si0,), which provided good dispersion and electrical
insulation, maintaining a high thermal conductivity. The
silica-coated CuNW (SiO,—CuNW) had an average diameter
of 1412 + 31.7 nm and a length of 48.8 + 29.4 yum. Their
aspect ratio was slightly reduced to 345 owing to the thickness
of the silica coating. Figure 4a and b shows the silica coating on
the surfaces of CuNWs.

XRD spectroscopy was performed to confirm the presence
of the silica coating and oxidation on the surfaces of CuNWs
(Figure 4c). The XRD patterns of the CuNWs and SiO,—
CuNWs exhibited distinct peaks at 20 = 44.7, 51.5, and 75.8°,
corresponding to the (111), (200), and (220) Cu crystallo-
graphic planes, respectively. The absence of peaks ascribed to
CuO confirmed the occurrence of a rare oxidation. An
additional broad and weak peak at 20 = 20.5° was observed for
the SiO,—CuNWs, which corresponded to the amorphous
SiO, layer on the surface of CuNWs, confirming the presence
of silica coating on the CuNW surface.

3.2.2. Morphology of PDA-Coated CuNWs. Similar to the
SiO, coating, the CuNWs were coated with dopamine to
maintain their thermal conductivity while adding insulation.
Dopamine undergoes self-cross-linking to form PDA under
weak alkaline conditions, such as pH 8.5, and exhibits strong
adhesion to various substances, including metals.*> The
thickness of the PDA coating on the CuNWs was affected
by the concentration of the substances and the reaction time
for the PDA coating process. Thus, the aspect ratio of the
PDA-coated CuNWs was examined as a function of the
reaction time at the same concentration. The thickness of the
PDA coating on the CuNW surfaces increased with increasing
reaction time, as shown in Figure S. The aspect ratios of the
PDA-coated CuNWs decreased to 224, 200, 175, and 101,
based on SEM images for reaction times of 3, 6, 12, and 24 h,
respectively. The average diameter and length of PDA-coated

CuNWs with different reaction times are displayed in Table 1.
In this study, the optimal reaction time for the PDA coating

Table 1. Length, Diameter, and Aspect Ratio of PDA-
Coated CuNW with Different Reaction Times

reaction time (h) length (ym) diameter (nm) aspect ratio

0 54.8 + 28 99.2 £ 21.1 552
3 493 £ 21.1 220.6 + 334 224
6 54.5 £ 129 273 + 30.7 200
12 52.6 + 12.1 301.1 + 20.1 175
24 53.6 £ 182 531.1 + 19.8 101

was determined to be 3 h, as thick encapsulating PDA layers
were easily damaged beyond 3 h, which yielded PDA-coated
CuNWs with an average diameter of 220.6 + 33.4 nm and a
length of 49.3 & 21.1 um, corresponding to an aspect ratio of
approximately 224.

3.3. Dispersibility of PS Microspheres and CuNWs.
3.3.1. Dispersion of CuNW/PS in IPA. Uniform dispersion of
conductive nanofillers in a polymer matrix is crucial for
optimizing the properties of the nanocomposites. Proper
selection of a solvent results in a uniform dispersion of the
nanofillers within a polymer matrix. In this study, an
amphiphilic solvent, IPA, was utilized to simultaneously
disperse both PS particles and HDA-capped CuNWs. The
dispersion stability of CuNWs in IPA was analyzed as a
function of time after applying physical forces, such as
mechanical and ultrasonic forces, as shown in Figure 6. The

IPA/ | IPA/
CuNW CuNw

Figure 6. Dispersion stability of IPA/CuNW mixtures over time after
mechanical and ultrasonic dispersion.

CuNW aggregation caused by van der Waals forces was
separated using physical forces, leading to the stable dispersion
of CuNWs in IPA for up to 12 h without the use of additional
dispersants.

3.3.2. Morphologies of CuNW/PS Nanocomposites. The
dispersion of CuNWs in CuNW/PS before and after the
compounding process (thermal compression) was investigated
by FE-SEM, as shown in Figures 7 and 8, respectively. Figure 7
shows the morphologies of CuNW/PS mixtures with different
nanofiller loadings and PS particle sizes in the powder state.
The CuNW nanofillers were uniformly dispersed within the PS
matrix, regardless of the PS particle size or CuNW
concentration. In the case of mixed PS particles with different
sizes, 500 nm PS microspheres covered the surfaces of S ym PS
microspheres and filled the gaps between S ym PS particles.
The fractured surfaces of CuNW/PS nanocomposites with
different nanofiller loadings and PS particle sizes are shown in
Figure 8. The pristine PS without the nanofillers exhibited
clean fractured surfaces; however, with an increase in the
nanofiller concentration, the nanocomposites increasingly
exhibited traces of CuNWs, such as pulled-out marks and
embedded and broken CuNWs in the matrix. In addition, the
dispersion of CuNWs was visually confirmed by EDX mapping
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Figure 7. SEM images of CuNW/PS mixtures with different PS particle sizes and CuNW contents before the compounding process.
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Figure 8. SEM images of fractured surfaces of PS/CuNW nanocomposites with different PS particle sizes and CuNW loadings after the
compounding process (thermal compression).
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Figure 9. Cu mapping (FE-SEM/EDX) images of CuNW/PS nanocomposites with different PS particle sizes and CuNW contents.
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Figure 10. Rheological properties of CuNW/PS (500 nm diameter) nanocomposites: (a) storage modulus and (b) complex viscosity.

of Cu in Figure 9. The CuNWs were homogeneously dispersed
within the PS polymer matrix regardless of the PS particle size
and CuNW loading. This indicates that uniform dispersion was
achieved without the aid of other dispersants, relying solely on
mechanical and ultrasonic dispersions with IPA.

3.4. Rheological Properties of CuNW/PS Nanocom-
posites. The dispersion of conductive nanofillers within a
polymer matrix and the viscoelastic characteristics of nano-
composites in a dynamic condition can be analyzed by
evaluating the rheological properties, such as the storage

modulus (G’), loss modulus (G”), and complex viscosity (7*).
Figure 10 presents the G’ and #* values of CuNW/PS (500
nm) nanocomposites with different CaANW concentrations in
the frequency range from 0.01 to 100 rad/s. As shown in
Figure 10a, G’ had smaller increments in the high-frequency
region than in the low-frequency region. This is because the
influence of the nanofillers was significant in the low-frequency
region whereas the physical network structure of CuNWs was
disrupted in the high-frequency region, and thus the polymer
matrix dominated the overall characteristics of the nano-
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composites rather than the CuNW. In addition, a more robust
network of CuNWs was formed within the PS matrix with
increasing CuNW content, leading to solid-like characteristics
and a decreasing slope of G'. Figure 10b shows that the 7*
values of all CuNW/PS (500 nm) nanocomposite samples
decreased as a function of frequency, which is a typical
behavior of polymer melts. When CuNWs were embedded in
the PS, the n* of the nanocomposites exhibited a sharp change
in the low-frequency region, indicating restriction of the flow
behavior due to the CuNW network formation. Furthermore,
it is rheologically well known that as the G"/G’ (tan &) value
approaches 0, the behavior is dominated by elasticity, while as
it approaches infinity, the behavior is dominated by viscosity.
The tan 6 value approached 0 with an increase in the CaNW
concentration, as summarized in Table 2, indicating that G’
was higher than the G” because of elastic-dominant behavior.

Table 2. Storage Modulus, Loss Modulus, and Tan § of PS/
CuNW Nanocomposites with Different CuNW Contents
Evaluated at 1 rad/s

CuNW content (wt %) G’ (Pa) G" (Pa) tan §
0 3420 7340 2.15
10 20,200 15,700 0.78
20 86,900 41,100 0.47
30 294,000 73,200 0.25

3.5. Electrical Properties of CuNW/PS Nanocompo-
sites. The electrical conductivity of polymer nanocomposites
significantly depends on the content of the conductive
nanofillers. The incorporation of conductive nanofillers into
an insulating polymer matrix brings about a conductive
network within the insulating polymer matrix at a specific
concentration, thereby substantially increasing the electrical
conductivitgr. This concentration is known as the percolation
threshold.** The percolation threshold can be determined
using the power—law relationship (eq 3).

ocx (m— mc)h (3)

where 6, m, m, and b represent the electrical conductivity of
CuNWs, weight percent of CuNWs, electrical percolation
threshold, and critical exponent related to the system
dimension, respectively.”” For 1D fiber-embedded systems of
polymer nanocomposites, the b value typically has a value close
to or greater than 2.* In this study, the b values of
nanocomposites were 1.9, 1.7, and 1.6 for nanocomposites
containing 5 um PS microspheres, 500 nm PS microspheres,
and mixed (5 and 500 nm) PS particles, respectively. All b
values were close to 2, thereby indicating that the CuNWs in
the nanocomposites were dispersed similar to 1D fiber systems.
The electrical conductivity of nanocomposites increased with
an increase in the CuNW content from 10™!'~107° to ca. 10°
S/m for 0 to 30 wt %, respectively, regardless of the PS
particles, as shown in Figure 11a. The electrical conductivity of
the nanocomposite containing 500 nm PS microspheres was
higher than that of S gm PS microspheres. This is because the
smaller PS particles allowed for more uniform dispersion of
CuNWs in the PS matrix owing to the smaller amount of steric
hindrance, thereby minimizing CuNW aggregation. In
particular, the nanocomposite comprising different sizes (500
nm and S ym) of PS spheric particles exhibited the highest
electrical conductivity among the three samples. This was
attributed to the 500 nm PS microspheres filling the voids
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Figure 11. Electrical conductivities of nanocomposites: (a) CuNW/
PS with different PS particle sizes and CuNW contents and (b)
CuNW/PS (500 nm) nanocomposites with and without surface-
modified CuNWs.

between the 5 ym PS microspheres, minimizing the amount of
space for CuNW conductive nanofiller aggregation and
achieving more uniform dispersion. Uniform dispersion
enabled the formation of a more robust conductive network
structure within the polymer matrix, ultimately enhancing the
electrical conductivity of the composite. The percolation
threshold (m.) appeared to be approximately 5 wt % for all
cases, based on the power—law equation. The m, typically
decreased with increasing aspect ratio or dispersion of the
nanofiller owing to the formation of a more robust conductive
network structure.*® The different sizes of the matrix particles
at identical nanofiller concentrations slightly influenced the
electrical conductivity, whereas the different contents of
nanofillers at identical PS size led to a significant difference
in electrical conductivity.

Within the domain of electrical applications, the consensus
regarding the advantages of possessing reliable thermal and
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electrically conductive qualities is well-established. Never-
theless, instances arise where the usefulness pertains to
materials that offer both electrical insulation and efficient
heat conduction. Therefore, in addition to CuNW/PS, SiO,-
and PDA-coated CuNW/PS (500 nm in diameter) nano-
composites exhibiting thermal conduction and electrical
insulation were examined for TIM applications. As shown in
Figure 11b, the electrical insulations of both SiO,—CuNW/PS
and PDA-CuNW/PS were maintained with the incorporation
of up to 30 wt % nanofiller. The incorporation of modified
CuNWs into the polymer matrix exhibited a reduction in the
electrical conductivity attributed to the presence of an
insulating coating. Specifically, when subjected to 30 wt %,
the electrical conductivity underwent a pronounced decrease,
transitioning from 10° S/m to the range of 1078 to 1071° S/m,
thus rendering the nanowires insulating in nature. In the case
of PDA-CuNWs, the electrical conductivity was higher than
that of SiO,—CuNWs because the PDA insulation coating was
partially removed. The PDA layer coated on CuNW became
detached and broken owing to its lower robustness, compared
to the inorganic SiO,, which is ascribed to the SEM results, as
shown in Figure 5c. The CuNW surfaces stripped of the PDA
coating layer were in contact with each other, thereby
producing an unwanted electrically conductive network.

3.6. Thermal Properties of CuNW/PS Nanocompo-
sites. Electrical conductivity is commonly accompanied by
thermal conductivity. Thus, the thermal conductivities of
CuNW/PS nanocomposites with different PS particle sizes and
CuNW concentrations were measured. The thermal con-
ductivity of the CuNW-incorporated PS nanocomposites
exceeded that of pristine PS without CuNW, regardless of
the size of the PS particles, as shown in Figure 12a. The
thermal conductivities of the nanocomposites of both
monodisperse and mixed PS particles increased with increasing
CuNW loading. The nanocomposites containing 500 nm PS
microspheres as the matrix exhibited higher thermal con-
ductivities than those composed of S ym PS spheric particles.
This was attributed to the empty spaces between the PS
particles and the dispersion of CuNW within the PS polymer
matrix. Relatively larger empty spaces in the case of S ym PS
particles allowed for the formation of agglomerated nanofillers,
indicating poorer dispersion compared to the case of 500 nm
PS microspheres where a more efficient thermal transfer
network structure with better dispersion of CuNW was
formed. The nanocomposites containing mixed PS particles
with diameters of 500 nm and 5 ym exhibited the highest
thermal conductivity. In this case, 500 nm PS particles filled
the voids among S pm PS particles, resulting in a denser
CuNW/PS nanocomposite.

Electrical insulation was achieved by coating CuNWs with
inorganic and organic substances. The thermal conductivities
of the surface-modified CuNW/PS nanocomposites increased
as a function of nanofiller content (Figure 12b). For instance,
the thermal conductivity of 500 nm PS composites containing
SiO,—CulNW increased from 0.12 to 0.18 W/m:K for 0 to 10
wt % of nanofiller, respectively. This indicates that the surface-
modified CuNW/PS nanocomposites showed thermal con-
ductivity superior to the unmodified CuNW/PS nano-
composites. The thermal conductivities of the SiO,—CuNW/
PS nanocomposites were slightly higher than those of the
PDA-CuNW/PS nanocomposites because the tendency of
PDA-CuNW to aggregate in the PS matrix is generally greater
than that of SiO,—CuNW, thereby reducing the PDA-CuNW
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Figure 12. Thermal conductivities of nanocomposites: (a) CuNW/PS
nanocomposites with different PS particle sizes and CuNW contents
and (b) surface-modified CuNW/PS (500 nm in diameter)
nanocomposites.

dispersion within the PS matrix.*” In contrast to the electrical
properties of the nanocomposites, the surface-modified
CuNW/PS nanocomposites exhibited higher thermal con-
ductivities than the unmodified CuNW/PS nanocomposites
because the surface coating improved the dispersion of
nanofillers within the PS/IPA solution during the mixing
process, ultimately yielding more uniform dispersion in the PS
matrix caused by superior dispersion in water during
preparation. For instance, the thermal conductivity of 500
nm PS composites containing surface-modified CuNW of 30
wt % increased from 0.12 to 0.22 W/m-K.
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4. CONCLUSIONS

In this study, monodisperse PS microspheres with sizes of §
pum and 500 nm were synthesized as polymer matrices via
dispersion and emulsifier-free emulsion polymerization,
respectively. CuNWs with average diameters, lengths, and
aspect ratios of approximately 100 nm, 55 um, and 550,
respectively, were synthesized as conductive nanofillers using
an aqueous media reduction. Using the monodisperse and
bidisperse (S ym and 500 nm) PS particles and CuNWs,
conductive polymer nanocomposites (CuNW/PS) were
manufactured. The surfaces of CuNWs were coated with
SiO, and PDA to confer electrical insulation and maintain the
thermal conductivity for TIM applications. The morphological,
rheological, electrical, and thermal properties of the CuNW/PS
nanocomposites were analyzed. The nanofillers were uniformly
dispersed within the polymer matrix, regardless of the PS
particle size and CuNW content. The CuNW/PS nano-
composites exhibited elastic-dominant behavior, with G’
exceeding G” at all frequencies, which indicated tan & close
to 0. The electrical and thermal conductivities of nano-
composites increased with increasing CuNW. Among the
samples tested, the nanocomposite with mixed PS particles had
the highest electrical conductivity (from 1 X 107! to 1 X 10°
S/m). When silica- and PDA-coated CuNWs were used as
nanofillers, insulation properties (107'°—107° S/m) were
achieved while increasing thermal conductivity (approximately
0.17 to 0.22 W/m-K for the composite containing 500 nm PS
and 30 wt % CuNW), which is advantageous for TIM
applications. In summary, this work stands out in the field of
nanocomposites by combining multiple approaches, such as
the use of mixed particle sizes and surface modification of
CuNW for electrical insulation with good thermal con-
ductivity. The combination of these multifaceted strategies in
this study generated superior properties, notably remarkable
enhancements in electrical insulation and thermal properties,
although each aspect has previously been examined individu-
ally. These contributions pave the way for the development of
advanced materials for electrical and thermal management.
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