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Abstract. With the technological development of wearable devices, there are increasing
demands for stretchable conductor that have stable electro-mechanical performance. In
this study, a stretchable PDMS composite electrodes using ternary systems of fillers
consisting of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) /
carbon nanotube (CNT) / silver nanowire (AgNW) is explored in a perspective of electro-
mechanical response. PDMS matrix is mixed with binary fillers of CNT and PEDOT:PSS,
which is followed by AgNW peeling-off process. The PDMS composite is mechanically
reliable especially under tensile deformation, which showed a high rupture strain of
~102% and tensile strength of ~2.7 MPa. In addition, the PDMS composites shows the
stable electro-mechanical response, where high electrical conductivity is sustained even
under stretchable conditions, showing an electrical resistance value of ~11.7 Q/cm under
40% of strain. As a demonstration, a supercapacitor using the PDMS composites is
demonstrated that shows reliable electrochemical performance.

Key words: Electro-mechanical response, Composite, Tensile deformation, Strength,
Conductivity

1. INTRODUCTION

Stretchable electronics have attracted much attention for futuristic devices such as
wearable health care sensors [1-3], energy harvesting or storage systems [4-7], and data
processing devices [8, 9]. A key component of developing a stretchable electronic device
is a stretchable conductor that is mechanically reliable under repeated tensile or
compressive deformation [10]. There are two main trends to fabricate stretchable
conductors: 1) utilizing all stretchable materials [11, 12] and 2) bridging rigid components
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with stretchable interconnects [13-16]. The thin metal film electrodes patterned to have
serpentine structure is the representative example for the latter case of the stretchable
interconnects [17]. The serpentine-structured metal electrodes interconnect the Si-based
electronic components having excellent device performances while releasing the imposed
mechanical strain by accommaodating their geometry under deformation, thereby realizing
stretchable and ultra-high-performance electronic devices [18]. Despite the advantages of
the method utilizing patterned metal interconnects, the use of such methods for electronic
devices is limited due to the complex fabrication process using a multistep lithography
process [19]. On the other hand, the fabrication of composite films by mixing functional
fillers with the stretchable matrix is the most widely used strategy to fabricate the
stretchable conductor in the former case [12, 20-23]. The composite films with different
properties can be fabricated by introducing different types of functional fillers, which
allowed the fabrication of various electronic devices [20, 24, 25]. For example, Lee et al.
fabricated a stretchable conductor by integrating silver nanowires (AgNWSs) and graphene
with polydimethylsiloxand (PDMS), which showed a rupture strain of 100% [26]. In the
work by Shi et al, graphene hybridized CNT film with PDMS matrix for wearable sensors
that resists under cyclic mechanical strain was developed [27]. Gallium-based liquid metal
alloy (EGaln) is used as a conductive filler as well. Gallium and Indium are mixed in a
ratio of 3:1 desirably and directly mixed with liquid metal-filled magnetorheological
elastomer (LMMRE), showing high electrical conductivity and mechanical deformability
[28]. However, more research related to electro-mechanical response is needed for use in
stretchable electronic systems for wearable devices.

In our previous study, the hybrid system of poly(3,4-ethylenedioxythiophene):poly
(styrenesulfonate) (PEDOT:PSS), carbon nanotubes (CNTs), and AgNWSs was proposed as the
supercapacitor materials, which acted as pseudocapacitor, electrical double layer (EDL), and
current collector materials, respectively [29]. In this system, the advantages of a
pseudocapacitor with high energy density and EDL with high power density were combined,
thereby exhibiting excellent supercapacitor performances [30]. In addition, the high electrical
conductivity of the AgNW network-based current collector optimized the supercapacitor
performances [31]. However, the layers of PEDOT:PSS, CNTs, and AgNWs were deposited
on silk fiber as a form of the thin film; thus, the use of the supercapacitor for stretchable devices
was limited.

In this study, we demonstrated mechanically stable conductive PDMS composites using
the hybrid system of PEDOT:PSS, CNTSs, and AgNWs as functional fillers. As commented
above, the hybrid system took benefits of each materials, where pseudocapacitor and EDL
characteristics were come from PEDOT:PSS and CNT, respectively. A simple blending
and peeling-off method were used to fabricate the composites where molten PDMS was
mixed with PEDOT:PSS and CNTSs and then was coated with AgNWs. To improve the
conductivity of PEDOT:PSS, ethylene glycol (EG) was added to PEDOT:PSS solution as
a doping agent. The water-soluble PEDOT:PSS was able to be mixed with the hydrophobic
PDMS by reducing the hydrophobicity of PDMS aided by the surfactant, Triton X-100.
Tensile tests were performed on the PDMS composites with different filler contents,
enhancing the composition of the matrix and filler materials. The mechanical failure
mechanism of the PDMS composites with the varying filler composites was also
investigated by microstructural analysis using scanning electron microscopy (SEM). The
electrochemical performance of the optimized PDMS composites with the hybrid fillers of
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PEDOT:PSS, CNTs, and AgNWSs was characterized and confirmed the potential of the
demonstrated composites for a stretchable supercapacitor.

2. MATERIALS AND METHODS
2.1. Fabrication of CNT/PDMS/PEDOT:PSS Composites

CNT (Jeno Tube 6A, JEIO) was first dispersed in a deionized (DI) water with the
surfactant, sodium dodecylbenzene sulfonate (50.0%, SDBS, Samcheon Chemical Co. Ltd,
Korea). Then, a tip sonicator was used to disperse CNT more uniformly at 60% amplitude
of 500 W and 20 kHz for 10 min with a 3 mm diameter tip. PEDOT:PSS, EG (Sigma
Aldrich), and Triton X-100 (DAEJUNG, Korea) were blended together using a magnetic bar at
450 rpm for 1 h. After that, the mixed PEDOT:PSS, EG, and Triton X-100 added to the
dispersed CNT was evaporated on a hot plate at 150 °C for 20 min. The solvent-removed
mixture of functional fillers (CNT/PEDOT:PSS), and PDMS (Sylgard-184, Dow Corporation,
Michigan, USA) was blended in a planetary vacuum mixer (ARV-310, THINKY Corporation,
Tokyo, Japan) at 2000 rpm under 20 kPa for 5 min with a curing agent. AGQNW solution
(Flexiowire 2020, SG Flexio Co. Ltd, Korea) was coated on a polytetrafluoroethylene (PTFE)
casting molds (8.0 (w) x 48.0 (I) x 0.3 mm (t) and 40.0 (w) x 30.0 (I) x 0.3 mm (t)) at 100 °C
for 1 h in an oven. The previously mixed CNT/PEDOT:PSS/PDMS composite blend was then
poured on the surface of AgNW-coated PTFE mold. Prior to the curing process, the
CNT/PEDOT:PSS/PDMS composite blend was degassed in a vacuum at room temperature
under a 15 kPa for 2 h and later cured in a vacuum oven at 100 °C for 6 h. The AgNW-coated
CNT/PEDOT:PSS/PDMS composite was fabricated via the peeling-off method from the PTFE
mold.

2.2. Characterization

Field-Emission Scanning Electron Microscopy (FE-SEM; SIGMA, Carl Zeiss AG,
Oberkochen, Germany) was utilized to analyze the surface and cross-section morphologies
of the fabricated composite. A rheometer (Compac-10011, Sun Scientific Co. Ltd., Tokyo,
Japan) was used for tensile testing under a maximum load cell of 100 N with a table speed
of 120 mm/min. A high-resolution drop shape analyzer (DSA 100, KRUSS GmbH) was
utilized to evaluate the contact angle of the fabricated sample to analyze its wettability. A
battery cycler system (WBCS3000L, WonATech, Seoul, Korea) was used to measure the
electrochemical property of the composite by cyclic voltammetry (CV).

3. RESULTS AND DISCUSSION

Fig. 1 illustrates the fabrication process of the AQNW-coated CNT/PEDOT:PSS/PDMS
composites. First, CNTs were dispersed in DI water by using a tip sonicator (Fig. 1a). The
CNTs having hydrophobic surface tend to be agglomerated in hydrophilic DI water.
Therefore, an anionic surfactant, sodium dodecyl benzene sulfonate (SDBS) was added,
where amphiphilic SDBS enhanced the dispersion of CNT in DI water (inset of Fig. 1a)
[32]. Afterward, the remaining solvent was removed through the drying process. Next,
PEDOT:PSS solution was mixed with Triton X-100 and EG through stirring (Fig. 1a). The
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weight fraction of the PEDOT:PSS solution was varied from 0 to 20 wt%, in order to
examine the effect of the concentration of PEDOT:PSS on the stretchability of the
composites. 15 wt% of PEDOT:PSS solution was used for all the composites of this study
because more than 15 wt% of PEDOT:PSS dramatically degraded the stretchability (Fig.
2). The high content of PEDOT:PSS caused the mechanical rupture at the much lower
strain than those with low content of PEDOT:PSS as shown in Fig. 2. The early rupture
resulted in the low strength value. EG was added to increase the size of the conductive
grain, cause agglomeration, and increase the carrier mobility, enhancing the electrical
conductivity of the PEDOT:PSS [11]. Moreover, it disconnects the insulating PSS part
from PEDOT:PSS which results in a further increase of the conductivity [33]. Triton X-
100 serves as a surfactant, which allows for hydrophilic PEDOT:PSS to be mixed with
hydrophobic PDMS [34]. The mixture of PEDOT:PSS/EG/Triton X-100 and the treated CNTSs
were then mixed with the PDMS and curing agent by using a planetary vacuum mixer (Fig. 1b).
AgNWs were coated on the fabricated polymer blend film via a peeling-off method to further
decrease the resistance, leading the film to have higher electrical conductivity. Here, AQNW
solution was first poured on the PTFE casting mold followed by drying in an oven (Fig. 1c).
Lastly, the mixture of CNT/PEDOT:PSS/PDMS was poured on the AgNW-coated PTFE mold.
AgNW was embedded to the molten mixture of CNT/PEDOT:PSS/PDMS, causing stronger
adhesion between the two layers. In order to eliminate the air bubbles in the composites,
degassing process was performed, which was then cured in a vacuum oven (Fig. 1d). By peeling
off the cured composite from the PTFE mold, the stretchable AQNW/CNT/PEDOT:PSS/PDMS
composite electrode was fabricated (Fig. 1e).

CNT/SDBS PEDOT:PSS _ PDMS Planetary Mixing under vacuum
/DI water [Triton X-100/EG  /curing agent (2:1)

E) p - (D) A, 10 Corshr (C) % 100 °C for 1 hr
Ny Ay

- .
Final product of the AgNW coated PDM_S’PEPOT‘PSSICNT AgNW coating on PTFE Mold
PDMS/PEDOT:PSS/CNT composite ~ composite filling on PTFE Mold

Fig. 1 Schematic illustration of the fabrication process of the AQNW coated CNT/PEDOT:
PSS/PDMS composite.
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Fig. 2 Stress-strain curves of PDMS composites with the different PEDOT:PSS contents.

Fig. 3 shows the cross-sectional SEM images of the composites with different fillers.
Pure PDMS (Fig. 3a) and PEDOT:PSS/PDMS (Fig. 3b) showed smooth surface indicating
that the PEDOT:PSS was homogeneously dispersed in PDMS without severe agglomeration.
In the CNT/PEDOT:PSS/PDMS composites (Fig. 3c), the CNTs were distributed through
the bulk part of the composites and no severe agglomerated CNTs were observed. This
confirmed that our dispersion method for CNTs and PDMS was effective to fabricate the
uniform CNT/PEDOT:PSS/PDMS composites. In Fig. 3d, AGNWSs were embedded on the
surface of CNT/PEDOT:PSS/PDMS composites. During the curing step, AGNWs on the
PTFE mold were partially immersed in the mixture of CNT/PEDOT:PSS/PDMS, which
was then bound to the PDMS matrix forming the partially embedded AgNW networks.

Fig. 3 Cross-sectional SEM images of (a) pure PDMS, (b) PEDOT:PSS/PDMS composite,
(c) CNT/PEDOT:PSS/PDMS composite (the arrow indicates the presence of CNT),
and (d) AgNW-coated CNT/PEDOT:PSS/PDMS composite (dash line indicates the
boundary between AgNW and the CNT/PEDOT:PSS/PDMS mixture).

Fig. 4a shows the stress-strain curves of the various composites mixed with a different
mixture of fillers, which were pure PDMS, PDMS/PEDOT:PSS, CNT/PDMS/PEDOT:PSS,
and AgNW-coated CNT/PDMS/PEDQT:PSS, respectively. The failure stress and strain
decreased as the fillers were added. Pure PDMS exhibited a strain and stress of ~235% and
~3.7 MPa, respectively, which were decreased to ~165% and ~2.8 MPa, respectively, with
the addition of 15 wt% of PEDOT:PSS. The CNT/PDMS/PEDOT:PSS showed a further



56 H. KIM, N. QAISER, B. HWANG

decrease in strain and stress values showing ~102% and ~2.7 MPa, respectively. The
coating of AgNW on the surface of PDMS/PEDOT:PSS/CNT composite showed similar
stress and strain values compared to those of the PDMS/PEDOT:PSS/CNT composites.
The addition of the brittle PEDOT:PSS resulted in the decreased volume fraction of the
stretchable PDMS in the composites. Thus, the PEDOT:PSS/PDMS composites showed
lower stretchability than those of pure PDMS. The addition of CNTs further decreased the
volume fraction of PDMS, which resulted in the poorer stretchability of
CNT/PEDOT:PSS/PDMS composites than those of PEDOT:PSS/PDMS composites. In
addition, the applied stress can be localized at the interface between CNTs and PDMS,
which further degrades the stretchability. However, the partial embedding of AgNWSs only
on the surface of the composites showed no significant change in the volume fraction of
PDMS in the composites, as well as the limited regional stress concentration, resulted from
the AgNWs, thereby showing similar stretchability to those of CNT/PEDOT:PSS/PDMS
composites.
According to the rule of mixture [35],

E. = fnEm + ffEf (8]

where E¢, Em, Er, fn, and # are the modulus of composite, matrix, filler, and the fraction of
matrix and filler, respectively. The elastic modulus of the PDMS is expected to increase as
the hard fillers such as PEDOT:PSS or CNT are added. Fig. 4b shows the change in the
elastic modulus of PDMS composites depending on the added fillers. The elastic modulus,
E, was calculated by using a general equation,

E=2, 2

where ¢ ans ¢ are stress and strain values extracted from the stress-strain curves in Fig. 4a.
Pure PDMS showed a modulus value of 0.9 MPa + 0.10, which was in the range of data
sheet reported in the previously reported study [36]. With the addition of PEDOT:PSS, the
modulus increased to 1.5 MPa + 0.11. Because the elastic modulus of PEDOT:PSS was
reported as ~2.0 GPa [37], the increased modulus values of the composites were confirmed
to be due to the addition of PEDOT:PSS. The modulus of the composites was further
increased by the addition of CNTs, which showed a 2.0 MPa + 0.12 [38]. The elastic
modulus of CNTSs is reported to be ~900 GPa [39]; thus, even the small addition of CNTs
(~2 wt%) resulted in a dramatic increase in the modulus of the composites. The partial
embedding of AgNWs only on the surface of the composites showed no significant change
in the modulus values; thus, it showed a similar value of 2.0 MPa £ 0.11 to those of
CNT/PEDOT:PSS/PDMS composites. Because of the increased elastic modulus of the
composites, the stress values at the same level of a strain of the composites was much
higher than those of the pure PDMS. Meanwhile, the rupture stress of the composites was
smaller than those of the pure PDMS since the failure of the composites occurred at the
much lower strain than those of pure PDMS. However, the rupture strain of the AgNW-
coated CNT/PEDOT:PSS/PDMS composites still showed a sufficient value of ~102% for
wearable devices, where ~70% strain is considered to be the maximum strain values
exerted by human motion [40].
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Fig. 4 (a) Stress-strain curves and (b) Young’s modulus of PDMS composites using different
types of functional fillers.

Fig. 5a shows the electro-mechanical response of the AgNW-coated CNT/PEDOT:
PSS/PDMS composites as a function of imposed strain. The resistance value of CNT/PEDOT:
PSS/PDMS composites was too high to be used for electrodes of the stretchable supercapacitor,
which showed ~1.5 x 108 Q/cm. The resistance of the composites decreased to ~11.7 Q/cm by
coating the AgNWs. Therefore, the coating of AgNWs on the composite was necessary to
fabricate the stretchable composite electrode using CNT/PEDOT:PSS/PDMS composites. The
AgNW-coated CNT/PEDOT:PSS/PDMS composite was highly stretchable under tensile
strain. There was no obvious change in the resistance up to the strain of 40%. The resistance
started to increase from the strain value over 40%, and from the 50% of strain, a rapid
increase in the resistance was observed. Considering that the conductivity of the
composites was largely contributed by the AgNWs, the increase in the resistance over 50%
of strain was attributed to the loss of the percolation of the AgNW networks by the
stretching. Fig. 5b and 5¢ show the top-view SEM images of AgNW-coated CNT/PEDOT:
PSS/PDMS composites under 40% and 60% of tensile strains, respectively. There was no trace
of cracks or failure of the composites under 40% of strain as shown in Fig. 5b. At the 60%
strain, however, the composites clearly showed failures on the surface (Fig. 5¢). Therefore, the
AgNW networks on the surface of the composite have been disconnected which resulted in the
rapid increase in resistance under the severe tensile strain of over 50%.

The electrochemical performance of AgNW-coated CNT/PEDOT:PSS/PDMS composites
was characterized by CV using coin cell configuration with 1 M of Na2SO4 aqueous electrolyte
(Fig. 6). The CV curve was displayed at a scanning rate of 10 mV/s, 50 mV/s, 100 mV/s, and
200 mV/s under an operation potential window between 0 to 0.8 V. The CV curve was devoid
of any redox peaks within a potential range and retained sharp rectangular shapes,
demonstrating the typical behavior of an electrical double-layer capacitor. In addition, on
increasing scan rate, the shape of the potential window remained similar, and the integrated area
of the CV curve increased with the increasing scan rate. This indicates that the supercapacitor
has faster charge/discharge capability, verifying the high-rate performance of the
supercapacitor. The specific capacitance values were measured to be 248.59 mF/g, 81.77 mF/g,
53.26 mF/g, and 32.55 mF/g at different scan rates of 10 mV/s, 50 mV/s, 100 mV/s, and 200
mV/s, respectively. As the scan rate increases, the specific capacitance value decreased, because
of the slower ion diffusion [41]. The AgNW-coated surface was hydrophilic, while the
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CNT/PEDOT:PSS/PDMS composite part was more hydrophobic than AgNW coated surface,
due to PDMS (Figs. 6b-e). Therefore, the aqueous electrolyte might not sufficiently permeate
through the electrode, causing slower ion diffusion.
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Fig. 5 (a) Normalized resistance change of the AgNW-coated CNT/PEDOT:PSS/PDMS
composites as a function of tensile strain values. Top-view SEM images of the
AgNW-coated CNT/PEDOT:PSS/PDMS composites under the tensile strain of (b)
40% and (c) 60%.
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Fig. 6 (a) Cyclic voltammetry (CV) curves for the AGQNW coated CNT/PEDOT:PSS/PDMS
composite at different scan rates. (b-e) Optical images of water drop shape on (b)
pure PDMS, (c) PEDOT:PSS/PDMS, (d) CNT/PEDOT:PSS/PDMS, and (e) AgNW
coated CNT/PEDOT:PSS/PDMS.
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4, CONCLUSION

In this study, the electro-mechanical response of PDMS composites with hybrid filler were
explored. The CNT/PEDOT:PSS/PDMS composite was fabricated via a simple blending
method and AgNW was successfully coated on the surface of the composite using the peeling-
off method. The fabricated composite not only showed high mechanical reliability under tensile
deformation but also maintained electro-mechanical stability, showing a gradual increase in
resistance under high elongation values. Moreover, the conductive functional fillers acted
effectively as synergetic materials for supercapacitors, demonstrating better electrochemical
properties than those using single fillers. The developed AgNW coated CNT/PEDOT:
PSS/PDMS composites with high stretchability and mechanical stability, showing better
electrochemical performances than those using single fillers demonstrate its possibility of being
used for devices that requires electro-mechanical reliability under tensile deformation.
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