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ABSTRACT: Stretchable electrode materials have attracted great attention as next-
generation electronic materials because of their ability to maintain intrinsic properties
with rare damage when undergoing repetitive deformations, such as folding, twisting,
and stretching. In this study, an electrically conductive PDMS nanocomposite was
manufactured by combining the hybrid nanofillers of carbon nanotubes (CNTs) and
silver nanowires (AgNWs). The amphiphilic isopropyl alcohol molecules temporarily
adhered simultaneously to the hydrophobic CNT and hydrophilic AgNW surfaces,
thereby improving the dispersity. As the CNT/AgNW ratio (wt %/wt %) decreased
under the constant nanofiller content, the tensile modulus decreased and the
elongation at break increased owing to the poor interaction between the AgNWs and
matrix. The shear storage moduli of all nanocomposites were higher than the loss
moduli, indicating the elastic behavior with a cross-linked network. The electrical
conductivities of the nanocomposite containing the hybrid nanofillers were superior to
those of the nanocomposite containing either CNT or AgNW at the same filler
content (4 wt %). The hybrid nanofillers were rearranged and deformed by 5000 cyclic strain tests, relaxing the PDMS matrix chain
and weakening the interfacial bonding. However, the elastic behavior was maintained. The dynamic electrical conductivities
gradually increased under the cyclic strain tests due to the rearrangement and tunneling effect of the nanofillers. The highest dynamic
electrical conductivity (10 S/m) was obtained for the nanocomposite consisting of 2 wt % of CNTs and 2 wt % of AgNWs.

1. INTRODUCTION

Polymer nanocomposites are typically composed of a polymer
matrix and nanofillers (carbon-based materials, metals, and
ceramics).1−4 When the nanofillers are homogeneously
dispersed in the polymer matrix, the nanocomposite exhibits
enhanced properties, such as electrical, mechanical, and
thermal properties, and overcomes the property limitation of
a singular material.1,4,5 The use of nanofillers reduces the
concentration of fillers to achieve the desired properties,
compared to that of microfillers.1,4 Among diverse nano-
composites, stretchable electrode materials that maintain
electrical conduction via various deformations have found a
use in applications, such as biodevices, sensors, batteries, and
displays.6,7 These stretchable electrode materials consist of an
elastic polymer matrix and electrically conductive nanofillers.7

The incorporation of electrically conductive nanofillers into an
electrically insulating polymer matrix generates an electrical
network, thereby leading to electrical conduction.3 However,
the dispersion of nanofillers in a polymer matrix is commonly
poor owing to the incompatibility between the polymer/
nanofillers and aggregation caused by vdW interactions
between the nanofillers.8,9 Poor dispersion brings about a
reduction in various properties.10 Thus, the interfacial
interactions between the polymer and nanofillers are important

for uniform dispersion.11 The interfacial interactions are largely
dependent on the surface area, surface characteristics, and
wetting parameters.12

Carbon nanotubes (CNTs) feature 1−5 TPa of Young’s
modulus, excellent thermal stability (∼2800 °C), and superior
thermal (twice that of diamond), and electrical conductivities
(1000 times that of copper).13−16 CNTs are typically classified
as single-walled CNTs (SWCNTs), multiwalled CNTs
(MWCNTs), thin-walled CNTs (TWCNTs), and branched
CNTs.17,18 SWCNTs show superior mechanical, electrical, and
thermal properties compared to MWCNTs and TWCNTs.17

However, TWCNTs are cheaper and purer than SWCNTs and
have larger aspect ratios and specific volumes than MWCNTs.
Recently, the branched CNT, which is also known as the
carbon nanostructure, has been introduced to piezoresistive
polymer nanocomposites owing to its superior electrical
conductivity.15,18−20 Similar to other nanofillers, the dispersion
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of CNTs in a polymer matrix is poor because of the vdW
forces between the CNTs.21,22 Mechanical dispersion and
CNT surface functionalization are chiefly utilized to homoge-
neously disperse the CNTs.22,23 For mechanical dispersion,
ultrasound treatment and ball milling effectively reduce the
aggregation, thereby resulting in good dispersion.24−26

However, the ball milling method impairs the CNT, although
it gives a narrow length and diameter distribution.27 For CNT
surface functionalization, noncovalent and covalent function-
alization methods can be used.22,28 Surfactants and polymer
chains cover the CNT surfaces, maintaining the structure and
characteristics of CNTs by the noncovalent functionalization
method.29,30 For the covalent functionalization method, as an
example, a carboxylic group (−COOH) is chemically attached
to CNT surfaces, and thus, the dispersion is enhanced via an
additional solvent or compatibilization with a polymer
matrix.31,32

Silver nanowires (AgNWs) feature an aspect ratio of >10
with 1D, excellent electrical, optical, and thermal properties.33

AgNWs can be used for photovoltaic cells, displays, and
flexible electrodes.34−36 AgNWs can be synthesized using
nanoporous membranes, electron-beam spinning, and the
polyol method.36,37 Among the AgNW production methods,
the polyol method is the most facile for large−quantity
production.
The stretchability of conductive polymer nanocomposites is

largely determined by the elastomeric matrix. Suitable matrix
materials include PDMS, thermoplastic polyurethane, and
hydrogels. Among them, PDMS is the most widely used matrix
for stretchable nanocomposites.38,39 On the other hand, the
electrical conductivity of the stretchable nanocomposite is
determined by the conductive nanofiller. Suitable nanofiller
materials include carbon-based nanomaterials such as CNTs,
graphene,40 and metallic nanomaterials, such as AgNWs, gold
nanowires, and copper nanowires.39,41 In addition to single-
component conductive nanofillers, hybrid nanofillers have
been used to enhance the electrical and mechanical properties
of stretchable conductive polymer nanocomposites through
synergistic effects between heterogeneous nanofillers.42−45 The
combination of AgNWs and graphene as hybrid fillers in
polymer matrices generated piezoresistive polymer nano-
composites for potential applications such as wearable devices,
electronic skins, motion (strain) sensors, and healthcare and
human-machine interfacing applications.45−51 However, most
of the hybrid nanofillers studied so far consisted of AgNW and
graphene combinations. In this study, AgNWs were synthe-
sized via the polyol method, and the AgNWs and TWCNTs
were simultaneously compounded with PDMS to generate
stretchable electrode nanocomposites with high electrical
conductivity. The dispersion of the conductive nanofillers
was enhanced by multidispersion steps. We examined the
correlation between the dispersion and properties, such as
mechanical, rheological, and electrical properties under cyclic
deformation.

2. EXPERIMENTAL SECTION
2.1. Materials. CNTs (TWCNTs, Jenotube 6A) were

purchased from JEIO Co. (South Korea). Silver nitrate
(AgNO3, 99.9%) was obtained from Kojima Chemicals Co.
(Japan). PVP (MW: 1,300,000 g/mol) and tetrapropylammo-
nium chloride (TPAC, 98%) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Ethylene glycol (EG, 99.5%) as
a reductant and acetone as an aggregating agent for AgNWs

were obtained from Samchun Chemical Co. (South Korea).
For PDMS matrix production, a binder (Sylgard 184A), a
hardener (Sylgard 184B), and a Pt-based catalyst (included in
PDMS base) were purchased from Dow Corning Co.
(Midland, MI, USA). Figure 1 shows the curing mechanism

of PDMS.52 Isopropyl alcohol (IPA, 99.5%), to enhance the
dispersion of CNTs and AgNWs, was purchased from
Samchun Chemical Co. (South Korea). Methyl-terminated
silicone oil (XIAMETER PMX-200 Silicone Fluid, 100 cSt)
was purchased from Dow Corning Co. (Midland, MI, USA).
DI water was purified by Option-Q (Purelab, ELGA, High
Wycombe, UK).

2.2. Synthesis and Purification of AgNWs. 2.2.1. Syn-
thesis of AgNWs. AgNWs were synthesized via the polyol
reduction method. A solution of 0.045 M PVP in 92 mL of EG
was prepared and stirred at 120 rpm for 30 min. Subsequently,
0.025 M AgNO3 in EG was added to the solution and stirred at
120 rpm for 30 min. Afterward, 0.006 M TPAC in EG was
added dropwise at 0.24 mL/min for 20 min. The final mixture
was stirred at 180 °C for 90 min. The reaction was completed
by quenching the reagents and purified by the following
methods. Table 1 presents the formulation for the synthesis of
AgNWs.

2.2.2. Purification of AgNWs. Ag particles, Ag nanorods,
unreacted reagents, and other impurities remained after the
reaction. The solution was mixed with acetone at a ratio of 1:9
(solution/acetone) and purified by centrifugation to remove
EG (reductant). The precipitated PVP-capped AgNW
aggregates were redispersed in DI water. Excess acetone was

Figure 1. Chemical structure and curing mechanism of silicone
thermoset resins.

Table 1. Formulation for the Synthesis of AgNWs

materials content

EG 92 mL
PVP 0.045 M
AgNO3 0.025 M
EG/TPAC 4.8 mL (0.006 M)
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added to the solution, thereby bringing about further
aggregation due to the vdW forces between the AgNWs. The
Ag particles and Ag nanorods were suspended in the upper
position of acetone. The Ag particles and Ag nanorods were
then removed, and the precipitated AgNW aggregates were
redispersed in DI water. This process was repeated five to
seven times. The purified AgNWs were cleaned three times via
centrifugation at 2500 rpm for 10 min, and afterward, the
AgNWs dispersed in IPA were stored in DI water. The
purification process is shown in Figure S1.
2.3. Fabrication of PDMS/CNT/AgNW Nanocompo-

sites. 2.3.1. Dispersion of CNTs and AgNWs. PDMS was
partially dissolved in IPA, and CNTs/AgNWs were dispersed
in IPA. CNTs/AgNWs and IPA were mixed at a ratio of 1:100
(wt/wt) and stirred at 700 rpm for 1 h. Subsequently, the
mixture was ultrasonicated (25 W) for homogeneous
dispersion for 150 min. 10 g of silicone oil was added to the
mixture and ultrasonicated (25 W). 40 g of PDMS was added
to the mixture and ultrasonicated for 90 min. The formulation
and procedure for nanocomposite fabrication are shown in
Table 2 and Figure 2, respectively.

2.3.2. Solvent Removal and Curing of the PDMS/CNT/
AgNW Nanocomposites. Next, 80% of the IPA in the mixture
(PDMS/CNT/AgNW in IPA) was removed by a rotary
evaporator (Rotavapor R-100, BUCHI, Flawil, Switzerland) at
70 °C. The ratio between the PDMS and curing agent was
10:1. The mixture containing the PDMS and curing agent was
mixed for 10 min. Subsequently, the residual IPA in the
resulting mixture was removed in a vacuum oven at 45 °C. The
final PDMS/CNT/AgNW precursor mixture without IPA was
compressed/cured at 100 °C for 1 h to fabricate the PDMS/

CNT/AgNW nanocomposite sheet with dimensions of 180 ×
180 × 1 mm.

2.4. Characterization. 2.4.1. Morphological Analysis.
The morphological analysis of CNTs, AgNWs, and nano-
composites was performed by using FESEM (Apreo, FEI,
Hillsboro, OR, USA). The specimens of the PDMS/CNT/
AgNW nanocomposites for cross-sectional SEM studies were
cryofractured to minimize the morphological deformation of
the matrix during fracture. The electron beam voltage was set
at 5 kV. The specimens were sputter-coated with platinum
prior to the SEM analysis.

2.4.2. Dispersion Analysis. The dispersion of CNTs (0.1 wt
%) in IPA was analyzed based on the measured transmittance
using a UV−vis spectrometer (LAMBDA 750, PerkinElmer,
Waltham, MA, USA). The dispersibility of CNTs was
monitored as a function of time. The effect of the silicone
oil was investigated on the basis of CNTs (0.01 wt %) in IPA
using the UV−vis spectrometer. The dispersibility of nano-
fillers in the PDMS matrix was examined by FESEM. The
dispersion of AgNWs in the PDMS matrix was further
investigated by EDS dot mapping equipped with FESEM.
The images were obtained at a beam current of 10 μA, scan
number of four, dwell time of 1000 μs, voltage of 10 kV, and
magnification of ×5,000.

2.4.3. Mechanical Properties. Tensile properties, such as
tensile strength, modulus, and elongation at break of the
pristine PDMS and PDMS/CNT/AgNW nanocomposites,
were measured using a universal testing machine (UTM;
LR10K PLUS, LLOYD Instruments, West Sussex, UK)
according to ASTM D412. The specimens with dimensions
of 115 mm (gauge length: 33 mm) × 25 mm × 6 mm were
tested at a speed of 500 mm/min at 22−24 °C.

2.4.4. Rheological Properties. A rotational rheometer
equipped with parallel plate geometry (MCR 300, Anton
Paar, Graz, Austria) was used in its small-amplitude oscillatory
shear mode at 25 °C and a strain amplitude of 0.1%. The
frequency was varied from 0.01/s to 100/s to investigate the
rheological properties of nanocomposites.

2.4.5. Electrical Properties. The electrical resistances of the
PDMS/CNT/AgNW nanocomposites were measured using a
picoammeter (Keithley 6487, Keithley Instruments, Solon,

Table 2. Formulation for the Preparation of the PDMS/
CNT and AgNW Nanocomposite

materials content

CNT and AgNW 2.25 g (4 wt %)
silicone oil 10 g (18 wt %)
PDMS 40 g (71 wt %)
curing agent 4 g (7 wt %)

Figure 2. Schematic diagram illustrating the fabrication of the PDMS/CNT/AgNW nanocomposite.
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OH, USA) and a digital multimeter (Fluke 189, Fluke, Everett,
WA, USA) for sample resistances of >500 and <500 MΩ,
respectively. The sheet resistances were measured using a four-
point probe (M4P-302, MS Tech, South Korea) with a source
measurement unit (Keithley 2400, Keithley, Solon, OH, USA).
Both sides of the specimens with dimensions of 10 × 10 × 1
mm were polished with sandpaper to eliminate polymer-rich
skin layers. Subsequently, a silver paste (Elcoat P-100, CANS,
Japan) was coated on both sides prior to the resistance
measurements. The electrical conductivities of the nano-
composites were determined based on the following equation

σ
ρ

= = d
RS

1
(1)

where σ, ρ, R, S, and d are the electrical conductivity,
resistivity, resistance, cross-sectional area, and thickness of the
sample, respectively.
2.4.6. Cyclic Deformation Properties. Dynamic properties

during the cyclic deformation of the neat PDMS and PDMS/
CNT/AgNW nanocomposites were investigated using a
fatigue testing machine (Electro Force 5500, TA Instruments,
New Castle, DE, USA). Specimens with dimensions of 66 mm
(gauge length: 30 mm) × 10 × 1 mm were fabricated. The
specimens were tested under 40% deformation. The dynamic
properties of the samples were obtained during a cyclic strain
test of 5000 cycles. The dynamic electrical resistances were
measured using a picoammeter (Keithley DMM6500, Keithley
Instruments, Solon, OH, USA). The electrical conductivities of
the nanocomposites during cyclic strain tests were calculated
using eq 1.

3. RESULTS AND DISCUSSION

3.1. Morphology of CNTs and AgNWs. The morphol-
ogies of the CNTs and synthesized AgNWs were investigated
by FESEM. A uniform diameter and high aspect ratio of CNTs
were observed, as shown in Figure 3. The 1D AgNWs were
synthesized by the polyol method. The architecture and aspect
ratio of AgNWs can be affected by various factors, such as
reagent concentration, reaction temperature, and time. The

synthesized AgNWs had a mean diameter of 62 ± 6.5 nm and
a length of 37 ± 8.8 μm. The aspect ratio was ca. 600.

3.2. Dispersion of CNTs and AgNWs. 3.2.1. Ultra-
sonication Effect on Dispersion of AgNWs and CNTs in IPA
by Ultrasonication. The dispersion of CNTs and AgNWs in a
solvent was routinely investigated by SEM and TEM. Although
these methods provide visual observation, quantification by
SEM and TEM for dispersibility is limited. Therefore, in this
study, the dispersion of CNTs in a solvent was quantified using
UV−vis spectroscopy by detecting the absorption and
scattering of light. IPA was chosen as a solvent owing to its
amphiphilic characteristic. The dispersion of CNTs in IPA was
more homogeneous than that in water and EG, as shown in
Figure S2. When the CNTs are more homogeneously
dispersed in IPA, the effective surface area of CNTs increases,
thereby decreasing the transmittance.53,54 The PVP-capped
AgNWs were homogeneously dispersed in IPA without any
treatment due to the hydrophilicity of PVP, as shown in Figure
S3. In general, CNTs are heterogeneously dispersed, and thus,
treatments are required to enhance the CNT dispersity. All
images regarding CNT dispersion in IPA were obtained
immediately after stirring. The transmittance of CNTs in IPA
with stirring increased from 0 to 66% in the range of 280−380
nm and approached a steady value at a wavelength of 380 nm
(Figure 4a). The transmittances of the other samples treated at
a wavelength of 380 nm are listed and compared, as shown in
Figure 4a. The transmittance of the pure IPA was 85%. The
transmittances of the samples (CNTs in IPA) with stirring at
700 rpm for 1 h and additional ultrasonication treatment for
150 min were 66 and 0.1%, respectively. The combination of
stirring and ultrasound treatments afforded the most
homogenous dispersion of CNTs in IPA. The dispersion
stability is shown in Figure 4b−d. The CNT/IPA mixtures
without treatment and with stirring treatment showed
aggregation and precipitation at 0 h, and the precipitation
continued as a function of time. In contrast, the CNT/IPA
mixture with the combination of stirring and ultrasonication
treatments showed good dispersion stability as a function of
time up to 24 h. The combination of stirring and ultra-
sonication treatments reduced the vdW forces between the
CNTs, thereby causing the interaction between the amphi-
philic IPA and CNT surfaces. Additional ultrasonication
treatment effectively dispersed and stabilized CNTs in IPA
without using a dispersant.55

3.2.2. Effects of the Silicone Oil on CNT Dispersion in
PDMS. In this study, methyl-terminated silicone oil was utilized
as a dispersant to further disperse the CNTs in the cured
PDMS matrix. Figure 5 shows the transmittance of the neat
cured PDMS, PDMS/silicone oil, PDMS/CNT, and PDMS/
CNT/silicone oil. The cured PDMS and PDMS/silicone oil
showed identical transmittance over the entire wavelength
range (300−800 nm) measured by UV−vis spectroscopy,
which indicates that the silicone oil barely influenced the
transmittance of PDMS. In contrast, the effect of the silicone
oil in the CNT-embedded PDMS on the transmittance was
observed. The transmittance of the PDMS/CNT/silicone oil
composite was lower than that of the PDMS/CNT without the
silicone oil over the entire wavelength range, indicating a more
homogeneous dispersion of CNTs in the cured PDMS matrix
owing to the dispersant, silicone oil. This result is because the
methyl-terminated silicone oil was covered on the CNT
surfaces, and the core−shell CNT−silicone oil was well

Figure 3. FESEM images of CNTs (a,b) and AgNWs synthesized by
the polyol process at magnifications of ×100,000 (c) and ×1000 (d).
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dispersed in the PDMS matrix, showing the coupling effect of
the silicone oil between the PDMS matrix and CNT.21,55

3.2.3. Morphology of PDMS/CNT/AgNW Nanocomposites.
The dispersion of nanofillers, such as CNTs and AgNWs in the
cured PDMS matrix was investigated by FESEM. The filler
concentration (4 wt %) used in this study was determined on
the basis of the balance between mechanical and electrical
properties, as shown in Table S1 and Figure S4. The dispersion
of AgNWs was additionally examined by EDS mapping
equipped with FESEM. The nanofillers were relatively
homogeneously dispersed in the PDMS matrix, as shown in
Figure 6, whereas the PDMS/AgNW nanocomposite without
CNTs exhibited low dispersion with AgNW aggregates in the
cured PDMS matrix. The PVP-capped AgNWs exhibited
hydrophilic surfaces attributed to the PVP, and thus, they
exhibited weak physical interactions with the hydrophobic
PDMS matrix.56 However, the combination of CNTs and
AgNWs resulted in strong interactions among CNTs, AgNWs,
and PDMS because the hydrophobic and hydrophilic parts of
IPA interacted with CNTs and AgNWs, respectively, during

the dispersion process. Therefore, as the CNTs were
homogeneously dispersed in the PDMS matrix, the AgNWs
were also well dispersed in the matrix simultaneously. The
incorporation of CNTs into the PDMS/AgNW nanocompo-
site afforded better dispersibility of the nanofillers in the
PDMS matrix.11

3.3. Mechanical Properties of PDMS/CNT/AgNW
Nanocomposites. The mechanical properties of nano-
composites were typically examined using a UTM. The tensile
strength, tensile modulus, and elongation at break of the cured
PDMS/CNT/AgNW nanocomposites were measured as a
function of the CNT/AgNW ratio, as shown in Figures 7 and
S5 and Table S2. P, SP, C, and A denote PDMS, silicone oil-
embedded PDMS, CNT, and AgNW, respectively. For
instance, SP/C1/A3 indicates the nanocomposite consisting
of SP of 96 wt %, CNT of 1 wt %, and AgNW of 3 wt %.
The incorporation of silicone oil into the PDMS matrix

reduced the mechanical properties owing to the plasticization
effect of the silicone oil in the PDMS. The incorporation of
CNTs into the silicone oil-embedded PDMS matrix increased

Figure 4. Transmittance of pure IPA and IPA/CNT with stirring and ultrasonication (a) and dispersion stability of IPA/CNT for different
treatment conditions: (b) no treatment, (c) stirring, and (d) stirring/ultrasonication.
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the tensile strength and modulus but decreased the elongation
at break. The CNTs dispersed in the matrix acted as a
reinforcing agent (increase in strength and modulus) but a
stress concentration source (decrease in elongation at
break).57,58 As the CNT/AgNW ratio decreased (the AgNW
concentration increased), the tensile modulus decreased and
the elongation at break increased. There was no significant
change in tensile strength, probably because the reinforcing
effects of CNTs and AgNWs were analogous.
3.4. Rheological Properties of Cured PDMS/CNT/

AgNW Nanocomposites. The CNT- or AgNW-embedded
polymer nanocomposites are routinely subjected to rheological
analysis to investigate their dispersibility, viscoelasticity, and
microstructural transition. The rheological properties of
nanocomposites are highly relevant for various applications
from paints to electronics. The rheological properties are
correlated with various factors, such as viscoelasticity, mixing
behavior, productivity rate, energy consumption, and particle
dispersion. Figure 8 shows the storage modulus (G′), complex
viscosity (η*), and tan δ of the cured PDMS with and without
the silicone oil and silicone oil-incorporated PDMS/CNT/
AgNW nanocomposites with different filler ratios at
frequencies of 0.01−100/s. The storage moduli of all
nanocomposites slightly increased as a function of frequency,
which is a typical behavior of cured elastomer systems.59 The
incorporation of silicone oil into the PDMS matrix reduced the
storage modulus owing to the plasticization effect of the
silicone oil in the PDMS matrix, which is in good agreement
with the results of the mechanical properties. The infiltration of
CNTs into the PDMS/AgNW nanocomposite led to various
interactions among the polymer and fillers (CNTs and
AgNWs), thereby producing a complex network system. The
combination of well-dispersed CNT−CNT networks and 3D
networks caused by the physical/chemical interactions
between CNTs and PDMS increased the storage moduli
because of the dual network without morphological changes
within the matrix.5,60,61 Thus, the storage moduli of nano-
composites decreased with the decreasing CNT/AgNW ratio
because the content of CNTs that enhances the dispersion of
nanofillers in the PDMS matrix decreased, thereby decreasing
the interactions between the nanofillers and polymer matrix.

The AgNW-embedded PDMS nanocomposite, excluding
CNTs, exhibited the AgNW aggregates and the storage
modulus and complex viscosity similar to SP (silicone oil-
embedded PDMS); this was because the interaction between
the PDMS chains became dominant over that between the
fillers and PDMS. The η* value was calculated based on eq 2.

η
ω ω

| *| = ′ + ″i
k
jjj

y
{
zzz

i
k
jjj

y
{
zzz

G G2 2

(2)

where ω, G′, and G″ are the angular frequency, storage
modulus, and loss modulus, respectively.

Figure 5. Transmittance of the PDMS matrix and PDMS/CNT
nanocomposites without and with silicone oil.

Figure 6. SEM and EDS elemental (Ag) mapping images of the
fractured surfaces of the PDMS/CNT/AgNW nanocomposites with
different CNT/AgNW contents (wt %/wt %): (a) C4/A0, (b) C3/
A1, (c) C2/A2, (d) C1/A3, and (e) C0/A4. C and A denote CNT
and AgNW, respectively.
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The complex viscosities of the PDMS/CNT/AgNW nano-
composites with all ratios linearly decreased as a function of
frequency. This indicates that the loss modulus/storage
modulus ratio was constant regardless of the frequency,
which is a common behavior of elastomeric materials.62 The
tan δ(G″/G′) value represents the ratio of viscosity/elasticity.
Low (<1) and high (>1) tan δ values indicate the elastic and
viscous characteristics, respectively. The PDMS/CNT/AgNW
nanocomposites with all compositions showed elastic behav-
iors in the whole frequency range, representing the solidlike
characteristics with 3D network structures.
3.5. Electrical Properties of PDMS/CNT/AgNW Nano-

composites. The electrical properties of conductive nano-
filler-incorporated polymer nanocomposites are attractive,
which are influenced by factors such as filler dispersion, aspect
ratio, concentration, and orientation. The effects of the
nanofiller concentration ratios in the nanocomposites on the

electrical conductivity and sheet resistance were examined, as
shown in Figure 9. The electrical conductivity of the SP/C4/
A0 nanocomposite was 0.82 S/m. As the AgNW concentration
increased up to 2 wt % (SP/C2/A2), the electrical
conductivity slightly increased up to 1.8 S/m. Beyond this
concentration, the electrical conductivity of the nanocomposite
decreased with the increasing AgNW content. The electrical
conductivity of the SP/C0/A4 nanocomposite was not
detected because of the absence of the conductive network
of nanofillers. This result was in good agreement with the EDS
mapping results. The CNT incorporation contributed to the
good dispersion of AgNWs in the PDMS matrix during the
IPA treatment, and the electrical path was generated along the
CNT/AgNW network.63 The formed electrical network
complex of CNT/AgNW was more robust than that of
singular fillers (CNTs and AgNWs). The reduction in
electrical conductivity at 0.5 wt % AgNW (SP/C3.5/A0.5)

Figure 7. Mechanical properties (tensile mode) of PDMS/CNT/AgNW nanocomposites with different CNT/AgNW ratios (wt %/wt %): (a)
tensile strength, (b) elongation at break, and (c) tensile modulus. P and SP denote PDMS and silicone oil-embedded PDMS, respectively.
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was caused by the inadequate ratio of CNTs/AgNWs. The
small amount of AgNW (0.5 wt %) hindered the CNT/CNT

network, while the synergy of the CNT/AgNW network was
minimized. The electrical conductivity was minimized at low
CNT concentrations because the AgNW/AgNW aggregates
rarely interacted with CNTs. Because electrical resistance is
inversely related to conductivity, the sheet resistance of the
nanocomposite also showed the same trend as the electrical
conductivity.

3.6. Cyclic Deformation Properties of PDMS/CNT/
AgNW Nanocomposites. The cyclic deformation properties
of the nanocomposites were measured at a tensile strain of 40%
and frequency of 1 Hz for 5000 cycles, as shown in Figure 10
and Table 3. The mean stresses at the initial four cycles (σi), at
the middle four cycles (σm), and at the final four cycles (σf)
were determined from the data in Figures 10 and S6. The
stresses for all the samples decreased as a function of the cycle.
The initial stresses decreased and σf/σi increased with the

Figure 8. Storage modulus (a), complex viscosity (b), and tan δ(c) of
PDMS with and without silicone oil and PDMS/CNT/AgNW
nanocomposites with different CNT/AgNW ratios (wt %/wt %).

Figure 9. Electrical conductivity (a) and sheet resistance (b) of
PDMS/CNT/AgNW nanocomposites with different CNT/AgNW
concentrations (wt %/wt %). OL on the X-axis means “over limit.”
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Figure 10. continued
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Figure 10. continued
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decreasing CNT concentration because the PDMS chains were
released with increasing deformation cycles for the nano-
composites with low CNT content. Additionally, the
interactions between CNT/CNT and CNT/PDMS decreased,
thereby stretching the nanocomposites. The stress ratio σf/σi in
the total number of cycles was divided into two sections to
distinguish the stress ratio in the transient state (σm/σi) and
the stress ratio in the steady state (σf/σm). The transient stress

ratio, defined here as the ratio of stresses in the first half of the
total number of cycles, represents the unsteady state in which
the stress changes instantaneously due to the abrupt
imposition of strain. This shows the stress change due to the
change in the arrangement of PDMS chains and nanofillers.
On the other hand, the steady-state stress ratio shows the stress
change due to the relaxation of the chain and the breakage of
the nanofillers on fatigue, which is a practical stress ratio

Figure 10. Dynamic properties of PDMS/CNT/AgNW nanocomposites with different CNT/AgNW ratios (wt %/wt %) during the cyclic strain
test (stress change, LED light change, and resistance change). (a) SP/C3/A1, (b) SP/C2/A2, and (c) SP/C1/A3.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04628
ACS Omega 2021, 6, 31876−31890

31886

https://pubs.acs.org/doi/10.1021/acsomega.1c04628?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04628?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


indicating whether it is suitable for long-term use properties.
As the CNT content increases, the difference between the two
ratios was substantial because well-dispersed CNTs in the
matrix change into a preferred arrangement by repetitive
deformation. Because the sinusoidal stress and strain curves are
almost in-phase (phase angle δ: 3.6−5° during the final four
cycles), as can be seen from the cyclic stress change in Figure
10, the tan δ values of all nanocomposites were close to zero
(0.063−0.087). This indicates that the elasticity-dominant
behavior of the nanocomposites was maintained after repeated
deformation cycles. Not surprisingly, the tan δ values obtained
from the dynamic tensile test showed similar results to those of
the rheological shear test shown in Figure 8c.
The dynamic electrical conductivities of the PDMS/CNT/

AgNW nanocomposites were measured synchronously during
the cyclic strain tests. The electrical resistances of the PDMS/
CNT/AgNW nanocomposites were monitored from 0 to 5000
cycles, and the light intensities of the LEDs were observed at 0,
2500, and 5000 cycles (Figures 10 and S7). The intensity of
the light represents the electrical conductivity. The electrical
resistances of all nanocomposites decreased, and the LED light
intensity became stronger as a function of the repeated
deformation cycle, representing the electrical stability. As
shown in Figure 11, the nanofillers dispersed in the PDMS
matrix slipped and broke during the cyclic strain tests.
Afterward, the distance between the fillers became shorter,

and the filler network was rearranged, thereby leading to the
substantial filler network, which is called the tunneling
effect.64−66 The junctions between two conductive fibrous
nanofillers are classified into three categories (complete
contact, tunneling junction, and complete disconnection)
based on their distance. The complete contact occurs where
the distance (d) between two neighboring fillers is smaller than
the diameter (D) of nanofillers. The tunneling effect is shown
in the cases of D < d < cutoff distance (C). Finally, the
complete disconnection occurs at d > C. The d value depends
on the type, composition, architecture, dimensions of nano-
fillers, and matrix type. In addition, the PDMS chains were
released by the cyclic strain tests, and thus, the stress toward
the nanofiller network was reduced at the identical strain of the
final testing period. Thus, the electrical resistance decreased as
a function of the deformation cycle, thereby bringing about
electrical stability. The dynamic electrical conductivities of the
nanocomposites were calculated based on eq 1 and using the
mean electrical resistances when the resistances were stabilized
after 2000 cycles, as shown in Figure 12. The trend for

dynamic electrical conductivities of the nanocomposites with
different filler ratios was similar to that for the static electrical
conductivities investigated in Figure 9. The highest dynamic
electrical conductivity of the nanocomposite was 10 S/m for
SP/C2/A2, which indicates the effect of the hybrid nanofillers.

4. CONCLUSIONS
In this study, the stretchable electrode nanocomposites with
good electrical conductivities were fabricated by combining
nanofillers, such as CNTs and AgNWs (synthesized by the
polyol method), in the PDMS matrix. The combination of IPA,
ultrasonication, and silicone oil enhanced the CNT dispersion
and dispersion stability. The incorporation of CNTs into the
silicone oil-coated PDMS/AgNW nanocomposites improved
the AgNW dispersion in the PDMS matrix. The tensile
modulus decreased, and the elongation at break increased with
the decreasing CNT/AgNW ratio. Based on the rheological
behaviors, the nanocomposites containing hybrid nanofillers

Table 3. Stress Change of PDMS/CNT/AgNW
Nanocomposites with Different CNT/AgNW Ratios (wt
%/wt %) during the Cyclic Strain Test

stress at
initial

four cycles,
σi

stress at
middle

four cycles,
σm

Stress
at final
four
cycles,
σf σm/σi σf/σm σf/σi

P 1.01 0.95 0.92 0.94 0.97 0.91
SP 1.02 0.98 0.96 0.96 0.98 0.94
SP/C4/A0 2.15 1.1 0.89 0.51 0.81 0.41
SP/C3/A1 1.65 1.08 0.97 0.65 0.9 0.59
SP/C2/A2 0.85 0.67 0.64 0.79 0.96 0.76
SP/C1/A3 0.57 0.46 0.45 0.81 0.98 0.79
SP/C0/A4 0.48 0.45 0.44 0.94 0.98 0.92

Figure 11. Network morphology of PDMS/CNT/AgNW nano-
composites during the cyclic strain test.

Figure 12. Dynamic electrical conductivity of PDMS/CNT/AgNW
with different CNT/AgNW ratios (wt %/wt %) during the cyclic
strain test.
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still exhibited elastic behavior owing to the stable filler
network. The electrical conductivity of SP/C2/A2 was the
highest (1.8 S/m). The tan δ values at the final four cycles
were close to zero, indicating that the elastic behavior was still
maintained after the cyclic strain tests (5000 cycles). The
electrical conductivities of all nanocomposites increased during
the cyclic strain tests because of the tunneling effect and strain-
induced stress relaxation of the samples. The dynamic
electrical conductivity of SP/C2/A2 stabilized after 2000
cycles was the highest (10 S/m) due to the effect of the hybrid
fillers.
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