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Abstract

Stretchable elastomer-based electrodes are considered promising energy
storage electrodes for next-generation wearable/flexible electronics requiring
various shape designs. However, these elastomeric electrodes suffer from the
limited electrical conductivity of current collectors, low charge storage
capacities, poor interfacial interactions between elastomers and conductive/
active materials, and lack of shape controllability. In this study, we report
hierarchically micro/nano-wrinkle-structured elastomeric electrodes with
notably high energy storage performance and good mechanical/electrochemi-
cal stabilities, simultaneously allowing various form factors. For this study, a
swelling/deswelling-involved metal nanoparticle (NP) assembly is first
performed on thiol-functionalized polydimethylsiloxane (PDMS) elastomers,
generating a micro-wrinkled structure and a conductive seed layer for
subsequent electrodeposition. After the assembly of metal NPs, the conformal
electrodeposition of Ni and NiCo layered double hydroxides layers with a
homogeneous nanostructure on the micro-wrinkled PDMS induces the
formation of a micro/nano-wrinkled surface morphology with a large active
surface area and high electrical conductivity. Based on this unique approach,
the formed elastomeric electrodes show higher areal capacity and superior rate
capability than conventional elastomeric electrodes while maintaining their
electrical/electrochemical properties under external mechanical deformation.
This notable mechanical/electrochemical performance can be further en-
hanced by using spiral-structured PDMS (stretchability of ~500%) and porous-
structured PDMS (areal capacity of ~280 uAh cm™2).
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1 | INTRODUCTION

The explosive growth and evolution of wearable/flexible
electronics have considerably increased the demands
for the development of energy storage devices that can
simultaneously yield high energy/power densities,
excellent mechanical properties, and desired shape
designs.'® Among various energy storage devices, super-
capacitors are characterized by a relatively higher power
density (or more rapid charging/discharging rates), long-
term operational stability, and simpler device structures
compared with other devices, because of which super-
capacitors are considered promising candidates for next-
generation power sources.”® However, despite these
notable advantages, the low charge storage capacities of
active components for supercapacitors have been critical
obstacles to further improvement in their energy densi-
ties.'™'! Additionally, since the practical use of super-
capacitors for wearable/flexible electronics requires
mechanically stable electrodes with arbitrarily shaped
and/or complex geometries, it is highly desirable to
develop more elastic and deformable current collector-
based electrodes using a facile approach that can be
applied to various shapes and sizes of electrodes.

For this purpose, substantial efforts have been
focused on the preparation of current collectors using
elastic polymers (elastomers) with high mechanical
properties.'>'® Specifically, several approaches (e.g.,
the incorporation of conductive fillers with high aspect
ratio and chemical reduction of metal precursors)
have been attempted to achieve elastomeric current
collectors (ECCs) with desirable electrical and
mechanical properties.'*'® However, to our knowl-
edge, the formed ECCs have limitations in terms of
achievement of high electrical conductivity (<4000 S
cm™') and further maintenance of their electrical
properties under external mechanical stimuli (such
as stretching and bending), despite the incorporation
of large amounts of conductive fillers into elasto-
mers.'®>* These phenomena are mainly caused by the
numerous contact resistance sites between adjacent
conductive fillers (particularly metal nanowires)
and the intrinsically low electrical conductivity
of fillers (particularly carbon-based materials and/or
conducting polymers).***> Additionally, when prepar-
ing energy storage electrodes based on the ECCs,
poor interfacial interactions between elastomers and
conductive/active materials considerably restrict the
stable and uniform deposition of electrode compo-
nents, adversely affecting the overall mechanical/
electrochemical performance of electrodes.”®*’ For
example, in the case of use of polydimethylsiloxane
(PDMS) elastomers with hydrophobic surface

properties, it is very difficult to homogeneously
introduce conductive and active components into the
exterior and/or interior of PDMS (or porous PDMS)
due to their unfavorable interfacial interactions,
resulting in the partial aggregation and/or segregation
of components.”® Moreover, such poor interfacial
interactions easily lead to structural failures under
external mechanical stimuli,”® which aggravates the
overall performance of ECC-based energy storage
electrodes. In addition, considering that most ECC-
based energy storage electrodes reported to date have
primarily used the above-mentioned carbon-based
materials (e.g., carbon nanotubes [CNTs]) and/or
conducting polymers (e.g., polyaniline [PANI] and
polypyrrole [PPy]) as soft active components to ensure
the mechanical flexibility,>°>* their relatively low
charge storage capacities act as obstacles to further
enhancement of the energy storage performance of
elastomeric electrodes.?***

As a promising alternative for improving the
mechanical flexibility and energy storage performance
of elastomeric electrodes, micro-sized crumpled or
wrinkled structures have been introduced into ECC-
based energy storage electrodes by the vacuum deposi-
tion and/or transfer of electrode layers onto prestrained
elastomers in the uniaxial or biaxial direction.’ **
These unique structures generate a large specific surface
area and further allow maintenance of energy storage
performance of electrodes by effectively alleviating the
mechanical stress that occurs due to externally applied
stimuli.>* However, the above-mentioned vacuum-
based approaches have significantly restricted the
preparation of wrinkled elastomeric electrodes with
various shape designs (such as highly curved and 3D
porous structures). Another method for the preparation
of wrinkled elastomeric electrodes is the chemical
reduction (or electroless deposition) of metal precursors
on swollen elastomers.*** However, this chemical
reduction generates a nonuniform metal layer with a
partially aggregated region, arising from the concentric
growth of metal according to the nucleation growth
mechanism.** Additionally, the nonuniform deposition
of the metal layer induces strain localization, resulting
in severe cracks and delamination under mechanical
deformation. Furthermore, the chemically reduced
metal layer shows a relatively low electrical conductiv-
ity compared with the electrodeposited metal layer
because of large amounts of nonmetallic impurities
within the metal layer.

Herein, we introduce hierarchically micro/nano-
wrinkle-structured elastomeric energy storage electrodes
based on solution-processable metallic ECCs with a
large surface area, high electrical conductivity, good
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mechanical flexibility, and various shape designs. We
highlight that our micro/nano-wrinkled elastomeric
electrodes can be prepared using metal nanoparticle
(NP) assembly-assisted electrodeposition without addi-
tional processes, such as prestraining, thermal annealing,
and/or encapsulation. In particular, our solution-based
approach can be effectively applied for the preparation of
elastomeric electrodes requiring various form factors
(spiral, spherical, intaglio-patterned, and 3D porous
structures). To the best of our knowledge, solution-
processable metallic ECC-based energy storage
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electrodes have hardly been reported to date; further-
more, the energy storage performance (particularly areal
capacity) of the resultant elastomeric electrodes outper-
forms that of previously reported ones.

For this study, a swelling/deswelling-involved metal
NP assembly in organic media is initially performed on
thiol-functionalized PDMS (SH-PDMS) elastomers,**™*°
resulting in the formation of a micro-wrinkled structure
with a randomly oriented alignment in all directions
as well as a conductive seed layer for subsequent
electrodeposition (Scheme 1). Based on the formation

SH-PDMS

Metal NP assembly-

lihduced swelling @:sssseuses >

TREN assembly-

lihduced deswelling @:«:-::-:>

. Metal NP-PDMS

Ni deposition

Ni-PDMS

Micro-wrinkles

NiCo LDH
deposition

Micro/nano-wrinkles

SCHEME 1 Schematic representation of the preparation of hierarchically micro/nano-wrinkled elastomeric energy storage electrodes
using metal NP assembly-assisted electrodeposition. LDH, layered double hydroxides; NP, nanoparticle; PDMS, polydimethylsiloxane;

TREN, tris(2-aminoethyl)amine.
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of a conductive seed layer, Ni can be conformally
electrodeposited onto the metal NP-assembled PDMS to
prepare ECCs, maintaining their micro-wrinkled struc-
ture. As a result, the micro-wrinkled ECCs show a metal-
like electrical conductivity of ~1.52x10*Scm™ and
stability even under external mechanical stimuli, such
as stretching and bending. To realize high-performance
metallic ECC-based energy storage electrodes, high-
energy NiCo double hydroxides with battery-like capaci-
tive behaviors are further electrodeposited onto the micro-
wrinkled ECCs. In this case, the prepared elastomeric
electrodes show hierarchically micro/nano-wrinkled struc-
tures (i.e., nanostructure by the deposition of a NiCo
layered double hydroxides (LDH) layer on the micro-
wrinkled structure by metal NP assembly), yielding a high
areal capacity (~34.1 uAhcm™ at 0.25mA cm™2). Impor-
tantly, despite the deposition of intrinsically stiff Ni and
NiCo metallic layers onto PDMS elastomers, the electro-
chemical performance of elastomeric electrodes can be
substantially maintained even under external mechanical
stimuli due to the stress-relaxation effects of the micro/
nano-wrinkled structures and the favorable interfacial
interactions between electrode components. Additionally,
due to the facile shape control of this approach, our
elastomeric electrodes with micro/nano-wrinkled struc-
tures can achieve an extremely high stretchability of
~500% (by using spiral-structured PDMS) and an extre-
mely high areal capacity of ~280 uAh cm™2 at 1 mA cm >
(by using porous-structured PDMS). We believe that our
approach can provide a basis for developing and designing
next-generation energy storage electrodes that can simul-
taneously meet the requirements of both high mechanical
and electrochemical performance.

2 | RESULTS AND DISCUSSION

2.1 | Preparation of ECCs

To develop elastomeric energy storage electrodes, ECCs
with large surface area, high electrical conductivity, and
excellent mechanical flexibility were preferentially pre-
pared using metal NP assembly and subsequent metal
electrodeposition. The metal NP assembly was first
performed on SH-PDMS with a thickness of ~500 um.
In this case, the assembled metal NPs were expected
to serve as a conductive seed layer for additional
metal electrodeposition. Specifically, tetraoctylammo-
nium bromide-stabilized Au NPs (TOABr-Au NPs) with
an average diameter of ~8 nm in toluene were densely
deposited onto SH-PDMS using strong interfacial inter-
actions (i.e., covalent bonding) between the bare NP
surface and SH moieties (Figure S1).*® That is, the bulky/

insulating and hydrophobic TOABr ligands loosely
bound to the surface of Au NPs were effectively removed
during the direct adsorption of Au NPs onto SH-PDMS.
Additionally, the outermost TOABr ligands existing on
the top surface of adsorbed Au NPs could be replaced by
the subsequent deposition of small organic molecules
with primary amine (NH,) groups (tris(2-aminoethyl)
amine [TREN]) in ethanol,*® as confirmed by Fourier
transform infrared spectroscopy (FTIR) (Figure S2). This
high interfacial interaction between the NH, groups of
TREN and the surface of Au NPs was also confirmed by
the vertical growth of (TOABr-Au NP/TREN), multi-
layers (n: bilayer number), which was observed through
UV-vis spectroscopy and a quartz crystal microbalance
(QCM) (Figure S3).

Along with the effective removal of TOABr ligands,
this metal NP assembly induced a marked change in the
surface morphology of PDMS, which was mainly caused
by the large difference in the degree of PDMS swelling
during successive deposition processes in toluene and
ethanol solvents with entirely different polarities (i.e.,
TOABr-Au NP adsorption in toluene and TREN adsorp-
tion in ethanol).*’ Specifically, the TOABr-Au NPs were
densely packed onto the swollen SH-PDMS in toluene,
while the subsequent adsorption of TREN in ethanol
resulted in the significant shrinkage of the swollen
TOABr-Au NP-coated PDMS with the outflow of residual
toluene within the PDMS (Figure S4A). This swelling/
deswelling-involved metal NP assembly led to a strain
mismatch between the PDMS elastomer and the densely
packed Au NP layer,*®* which strongly induced the
generation of a micro-wrinkled Au NP layer on the SH-
PDMS (Figure S4B). Note that these unique phenomena
were not observed from non-swollen elastomers in
toluene, such as polyurethane (PU), and an electrostatic
interaction-based metal NP assembly in aqueous media
(Figure S5).

Due to these structural advantages, the formed
(TOABr-Au NP/TREN),, — ;/PDMS showed an electrical
conductivity of ~1.52x107>Scm™", which markedly
increased to ~580Scm™' with further deposition
of (TOABr-Au NP/TREN), _,/PDMS (shortly Au
NP-PDMS), still maintaining its micro-wrinkled struc-
ture with an ~110 nm-thick Au NP layer (Figure S6).
This rapid improvement in the electrical properties of
Au NP-PDMS could be explained by the fact that the
aforementioned ligand replacement of bulky/insulating
TOABTr ligands with small TREN molecules contributed
to the enhanced electron transfer by significantly
decreasing the separation distance between vertically
adjacent Au NP layers (see Figures S1B and S3A).”° In
addition, the TREN layer with hydrophilic properties on
the outermost surface enhanced the aqueous interfacial
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wettability of Au NP-PDMS, as confirmed from water
contact angles (Figure S7), possibly allowing effective
metal electrodeposition in aqueous electrolytes.

With the aid of this conductive seed layer, Ni could be
successfully electrodeposited with a layer thickness of
~110 nm and a mass loading of ~0.24 mg cm™2 onto the
Au NP-PDMS, inducing a highly conformal coating on
the underlying micro-wrinkled structure, as observed
through field-emission scanning electron microscopy
(FE-SEM) and energy-dispersive X-ray spectroscopy
(EDX) elemental mapping (Figure 1A). In particular,
the outermost TREN layer of Au NP-PDMS allowed the
stable deposition of metallic Ni layer due to strong
interfacial interactions between the NH, groups of TREN
and the Ni layer.*® Atomic force microscopy (AFM)
revealed that the wavelength (1) and amplitude (A) of the
micro-wrinkled structure of Ni-deposited Au NP-PDMS
(shortly Ni-PDMS) were almost identical to those of the
initial Au NP-PDMS (1 of ~1.8 um and A of ~0.4 um)
(Figures 1B and S8). These results implied that the Ni
layer was uniformly formed on the conductive Au
NP seed layer without any notable distortion of the
micro-wrinkled structure. Importantly, when the total
surface areas of bare PDMS elastomer and Ni-PDMS
were estimated from the AFM measurements, the surface
area of micro-wrinkle-structured Ni-PDMS was ~1.4
times higher than that of the bare PDMS elastomer
without a wrinkled structure (Figure S9). Additionally,
the Ni-PDMS showed a notably high electrical conduc-
tivity of ~1.52x 10*Scm™, indicating the perfect con-
version from an insulating PDMS elastomer to a metallic
ECC (i.e., Ni-PDMS) that surpassed the reported ECCs in
the literature (Figure 1C and Table S1).

Another prominent advantage of our micro-wrinkled
Ni-PDMS was that it maintained excellent electrical
stability under mechanical deformation. With increasing
the tensile strain from 0% to 70%, the resistance change
(AR/Ry) of Ni-PDMS slightly increased from 0 to ~10.5
(Figure 1D). However, the Ni-PU with a non-wrinkled
structure significantly lost its electrical properties even at
the relatively low stretched state of over 35%, showing a
sudden increase in resistance (AR/R, of >10%). Since the
Ni-PU was prepared using the same deposition processes
(i.e., metal NP assembly and subsequent Ni electrodepo-
sition) as the Ni-PDMS, it was reasonable to conclude
that its inferior mechanical properties were a result of
the absence of the micro-wrinkled structure due to
the non-swollen PU elastomer and the poor interfacial
interactions between the PU elastomer and the Au NPs.
As more clearly confirmed by FE-SEM (Figure 1E), the
Ni-PU showed an obviously irreversibly disconnected
and delaminated conductive layer at the stretched state
of 70%. On the other hand, the Ni-PDMS, at the same
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stretched state of 70%, could maintain its electrical
pathway despite the partial cracks of the conductive layer
and could further recover its interconnected conductive
networks after returning to the initial state of 0%. That
is, the micro-wrinkled structure of the Ni-PDMS with
favorable interfacial interactions between the TREN-
coated Au NPs and the Ni layer as well as between the
SH-PDMS and the Au NPs could effectively release the
mechanical stress occurring at the highly stretched state.
Due to these stable mechanical properties, the electrical
properties of Ni-PDMS were well maintained even after
5000 stretching cycles at a high tensile strain of 70%
(Figure 1F). In addition, the Ni-PDMS showed stable
electrical properties in terms of both bending curvature
(reaching a bending radius (R) of ~2mm) and cycling
(during 5000 bending cycles at an R of ~2mm) tests
(Figures 1G and S10). Thus, our approach could play a
pivotal role in simultaneously realizing high electrical
conductivity, mechanical stability, and large surface area
of metallic ECCs for the preparation of high-performance
energy storage electrodes.

2.2 | Preparation of ECC-based energy
storage electrodes

Based on these ECCs (i.e., Ni-PDMS), high-energy NiCo
double hydroxides with battery-like capacitive behav-
iors were further electrodeposited onto the Ni-PDMS for
the preparation of ECC-based energy storage electrodes.
In this case, the thin NiCo LDH layer with a
homogeneous nanostructure was formed on the entire
region ranging from the peak to the valley area, which
was clearly observed from FE-SEM and EDX elemental
mapping images (Figure 2A). That is, the hierarchically
micro/nano-wrinkled structures could be formed on the
surface of NiCo-deposited Ni-PDMS (shortly NiCo-
PDMS), which substantially increased the active surface
area (~1.61m>g™") of the resultant NiCo-PDMS
compared with that (~0.64m®g™') of Ni-PDMS with
only a micro-wrinkled structure, as determined by
Brunauer-Emmett-Teller (BET) analysis (Figure S11).
In particular, considering that the formation of the
NiCo LDH layer can significantly contribute to
the increase in the active surface area as well as the
increase in the electrochemical activity (theoretical
capacitance of NiCo LDH ~3000Fg™),>' it is quite
reasonable to expect that the NiCo-PDMS shows higher
energy storage performance than previously reported
elastomeric electrodes (more details are provided in a
later section).

The chemical composition of the NiCo LDH layer of
NiCo-PDMS was investigated using X-ray photoelectron
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FIGURE 1 (A) Planar FE-SEM (top left side) with EDX elemental mapping (Ni; top right side) and cross-sectional FE-SEM (bottom side)
images of Ni-PDMS. The inset in the cross-sectional FE-SEM image shows the deposited Ni and Au NP layers with a total thickness of ~220 nm
on the PDMS elastomer. (B) AFM topographic image (scan area=12.5um X 12.5 um) and cross-sectional height profile of Ni-PDMS. The
height profile was obtained from Sections A-B in the AFM image. (C) Electrical conductivity changes of (TOABr-Au NP/TREN), with an
increase in the bilayer number (1) from 0 to 2 and following Ni electrodeposition on the PDMS elastomer. (D) Resistance changes (AR/R,) of
Ni-PDMS and Ni-PU with increasing tensile strain from 0% to 70%. (E) Planar FE-SEM images of Ni-PDMS and Ni-PU at the initial (0%),
stretched (70%), and released (0%) states. (F) Resistance changes (AR/R,) and photographs (insets) of Ni-PDMS during 5000 stretching cycles at
a tensile strain of 70%. (G) Resistance changes (AR/R,) and photographs (insets) of Ni-PDMS and Ni-PU as a function of bending radius (R).
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spectroscopy (XPS) (Figure S12). First, the wide-survey
XPS spectrum confirmed the existence of Ni, Co, O, and
C elements, in which the composition ratio of Ni and Co
was measured to be 1:1.4. Additionally, the narrow-
survey XPS spectrum of Ni 2p showed double peaks of Ni
2p1, (at 873.4eV) and Ni 2ps, (at 855.8eV) with
corresponding satellite peaks (at 879.3 and 861.7eV).”*
In the case of Co 2p, double spin-orbit Co 2p;,, and Co
2ps;, peaks were detected at 795.7 and 780.1eV,
respectively, which were deconvoluted into Co** (at
798.5eV for Co 2p;,, and at 781.5eV for Co 2ps/,)
and Co>* (at 795.6eV for Co 2p;,, and at 779.8eV for
Co 2ps,).>* Moreover, the O 1s peak at 530.5eV was
divided into two different peaks at 530.2 and 531.5eV
associated with metal hydroxyl groups (M-OH) and
adsorbed water (H-OH), respectively.’>>® These results
indicated the formation of bimetallic hydroxides (i.e.,
Ni(OH),, Co(OH),, and CoOOH) on the surface of
NiCo-PDMS. Furthermore, we examined the crystal
structure of the NiCo LDH layer by comparing the
X-ray diffraction (XRD) patterns of Ni-PDMS and
NiCo-PDMS (Figure S13). In this case, NiCo-PDMS did
not show any additional diffraction peak, except for the
typical ones (i.e., fcc-Ni, -Ni(OH),, and «-Ni(OH),)
associated with the buried Ni layer, directly indicating
the amorphous nature of the NiCo LDH layer.”*>>

It is worth noting here that our solution-based
approach is highly advantageous for developing hierarchi-
cally micro/nano-wrinkled elastomeric electrodes with
arbitrarily shaped or complex geometries, which has not
been easily realized using previously reported approaches.
As shown in Figure 2B, NiCo-PDMS was successfully
prepared into a spiral structure that could overcome the
inherent stretching limits of elastomeric matrices, thereby
resulting in exceptionally superior stretchability.”® This
spiral NiCo-PDMS showed an almost negligible AR/R, at
the stretched state of 250%, which only slightly increased
to ~2.5 despite the extremely high strain of 500%
(Figure S14). These results were in stark contrast to those
of the flat NiCo-PDMS with a AR/R, of ~16.7 at a relatively
low strain of 50%. In addition, our approach could be
effectively applied for the preparation of high-curvature
NiCo-PDMS with different micro-patterns and porous
NiCo-PDMS (see the Experimental Section of the Support-
ing Information). Specifically, spherical NiCo-PDMS
with an intaglio-patterned structure (micro-pattern size
of ~1 um) and deformable properties was produced, which
could maintain its original pattern even after metal NP
assembly and Ni/NiCo electrodeposition (Figure 2C). In
the case of 3D porous NiCo-PDMS, the entire region
ranging from the exterior to the interior of the porous
structure was completely and uniformly coated with a
NiCo LDH layer without any metal agglomeration and/or
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blocking phenomena of pores (Figure 2D). In particular,
the hierarchically micro/nano-wrinkled structures could
be generated even on the surface of porous NiCo-PDMS,
indicating a remarkable enhancement in the energy
storage performance of elastomeric electrodes due to the
formation of large active surface areas. As a result, we
clearly demonstrate that our approach can offer a highly
versatile and effective tool for preparing elastomeric
electrodes with shape-controlled functionalities, mechani-
cal stress-releasable properties, large active surface
area, high electrical conductivity, and/or good mechanical
properties.

2.3 | Electrochemical performance of
ECC-based energy storage electrodes

To assess the energy storage performance of hierarchi-
cally micro/nano-wrinkled NiCo-PDMS, we systemati-
cally investigated its electrochemical properties in a
three-electrode system using 1 M KOH as an aqueous
electrolyte. First, cyclic voltammetry (CV) measure-
ments were conducted in a potential window of 0 to
0.6V (vs. Hg/HgO) at a scan rate of 30mVs™'
(Figure 3A). In this case, the NiCo-PDMS electrode
showed substantially higher current responses than Ni-
PDMS and Au NP-PDMS electrodes, implying that the
overall capacity of NiCo-PDMS was predominantly
governed by the active NiCo LDH layer instead of the
buried Ni and/or Au NP layers. Therefore, the
conspicuous redox pair in the CV curve of the NiCo-
PDMS electrode originated from the battery-like
capacitive behaviors of the NiCo LDH layer, which
could be described by the reversible conversion
reactions of Ni**/Ni** and Co**/Co>" as follows>”**:

Ni(OH), + OH™ < NiOOH + H,0 + e~ (1)
Co(OH), + OH~ < CoOOH + H,0 + €7, @)
CoOOH + OH™ < Co0O, + H,O + e™. (3)

When the scan rate increased from 5 to 50 mVs™?, the
NiCo-PDMS electrode steadily showed prominent redox
pairs without any noticeable deformation of the CV
shapes (Figure S15A), indicating good rate capability.
Additionally, the almost linear relationship between the
square root of scan rates (v'/?) and the redox peak current
densities (Ip) in the scan rate-dependent CV curves
showed diffusion-controlled behaviors during electro-
chemical sweeps (Figure S15B).>

To further elucidate the structural effects of the
hierarchically micro/nano-wrinkled structures of the
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(B)

FIGURE 2 (A) Photographs (left side) and planar FE-SEM images (top right side) with EDX elemental mapping (Au, Ni, and Co;
bottom right side) of NiCo-PDMS. (B) Photographs of a spiral-structured bare PDMS elastomer and NiCo-PDMS connected with a light-
emitting diode (LED) at the stretched state of 500%. (C) Photographs and planar FE-SEM images (insets) of a spherical-structured bare
PDMS elastomer, Au NP-PDMS, Ni-PDMS, and NiCo-PDMS with intaglio patterns. The inset in the photograph of the bare PDMS elastomer
shows the laser-induced diffraction pattern of the intaglio structure. (D) Photographs (left side) and planar FE-SEM images (right side) of

porous-structured Au NP-PDMS, Ni-PDMS, and NiCo-PDMS.

NiCo-PDMS electrode, its electrochemical performance
was compared with that of the NiCo-PU electrode
prepared using the same experimental procedures. In
this case, the surface morphology of NiCo-PU only

showed the nanostructure resulting from the formation
of a NiCo LDH layer without any micro-wrinkles due to
the non-swollen PU elastomer, as mentioned earlier
(Figure S16). As shown in Figure 3B, the NiCo-PDMS
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FIGURE 3 (A) Comparison of CV curves between NiCo-PDMS, Ni-PDMS, and Au NP-PDMS electrodes at a scan rate of 30 mVs™.
(B) Comparison of CV curves between NiCo-PDMS and NiCo-PU electrodes at a scan rate of 30 mV s*. (C) GCD profiles of the NiCo-PDMS
electrode at varied current densities ranging from 0.25 to 20 mA cm™2. (D) Comparison of the areal capacity (obtained from GCD curves)
between NiCo-PDMS and NiCo-PU electrodes with increasing current density from 0.25 to 20 mA cm 2. (E) Capacity retention (left axis, red
line/circles) and Coulombic efficiency (right axis, black line/circles) of the NiCo-PDMS electrode during 5000 GCD cycles at a current
density of 10 mA cm ™2 The inset shows the GCD profiles at cycle numbers of 1, 1000, 2000, 3000, 4000, and 5000. Capacity retention and
photographs (insets) of the NiCo-PDMS electrode at a current density of 0.25 mA cm ™2 (F) during 5000 stretching cycles at a tensile strain of
70% and (G) during 5000 bending cycles at a bending radius (R) of 2 mm.
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electrode showed a much larger integrated CV area and
smaller peak separation (i.e., redox potential difference
(AE,) inversely correlated with charge-transfer rates)
than the NiCo-PU electrode at the same scan rate of
30mVs~'. These phenomena suggested that the micro/
nano-wrinkled structures of NiCo-PDMS contributed not
only to the large active surface area but also to the rapid
charge-transfer rates, which was clear from observations
of the surface morphologies of the electrodes after
electrochemical sweeps. Specifically, the NiCo-PDMS
electrode could stably preserve its well-interconnected
charge-transfer networks by effectively alleviating the
volume stress generated at the active NiCo LDH layer
during electrochemical sweeps through the micro/nano-
wrinkled structures and the well-defined interfacial
interactions, in significant contrast to the NiCo-PU
electrode with numerous cracks (Figure S17).

Based on these electrochemical behaviors, we eval-
uated the charge storage capability by recording galvano-
static charge/discharge (GCD) profiles by progressively
increasing the current density from 0.25 to 20 mA cm >
(Figures 3C and S18). In this case, the GCD profiles
revealed the nonlinear charge/discharge curves with
plateau regions of battery-like capacitive behaviors of
the NiCo LDH layer, corresponding to the CV measure-
ments. When the areal capacity was calculated from the
GCD curves, the NiCo-PDMS electrode achieved an
areal capacity of ~34.1 uAh cm ™ at a low current density
of 0.25mA cm™2, delivering ~71.3% of the initial
capacity even at a high current density of 20 mA cm ™2
(Figure 3D). On the basis of the mass loading of active
NiCo LDH layer (~0.11 mg cm™?), the gravimetric capac-
ity of the NiCo-PDMS electrode was measured to be
~310 mAh g~'. Additionally, on calculating the gravimet-
ric capacity from the total mass loading of electrode layer
(i.e., the total mass of Au NP, Ni, and NiCo LDH layers
~0.83 mg cm™?), it was estimated to be ~41 mAhg™". On
the other hand, the NiCo-PU electrode showed an areal
capacity that was at least two times smaller (~16.1 uAh
cm™? at 0.25 mA cm™2), with substantially lower capacity
retention (~19.0% at 20 mA cm™?) than the NiCo-PDMS
electrode, mainly due to the lower active surface area
and the loss of the charge-transfer pathway of the
cracked NiCo-PU electrode without any micro-wrinkles,
as mentioned above. That is, the formation of micro/
nano-wrinkled structures on the NiCo-PDMS electrode
led to the high areal capacity and superior rate capability
based on its large active surface area and well-
interconnected conductive networks. The NiCo-PDMS
electrode also showed excellent long-term operational
stability with a capacity retention of ~80.5% and a
Coulombic efficiency of ~97.4% after 5000 GCD cycles at
a current density of 10 mA cm™ without any notable

structural failure (Figures 3E and S19), implying the
formation of robust micro/nano-wrinkled structures.

Along with the evaluation of electrochemical per-
formance, the mechanical stability of the NiCo-PDMS
electrode was studied by measuring the capacity (calcu-
lated from GCD curves at 0.25 mA cm™2) under repeated
mechanical stimuli conditions. First, the capacity was
recorded every 1000 cycles, accompanied by stretching
(at a tensile strain of 50%) and relaxation. After 5000
stretching cycles, the NiCo-PDMS electrode maintained
~92.7% of its initial capacity without any significant
change in the GCD shapes (Figures 3F and S20A).
Electrochemical impedance spectroscopy (EIS) analysis
showed a negligible change in the resistance behaviors
with facile charge-transfer kinetics after 5000 stretching
cycles (Figure S20B). Additionally, the outstanding
mechanical properties of the NiCo-PDMS electrode were
also confirmed during 5000 bending cycles at an R of
~2mm, achieving a capacity retention of ~97.4% with
almost unchanged electrochemical behaviors (Figures 3G
and S21). These results clearly proved that the hierarchi-
cally micro/nano-wrinkled structures could efficiently
release the mechanical stress, and thereby, NiCo-PDMS
could be considered a promising candidate for stretch-
able and flexible energy storage electrodes with high
performance features.

2.4 | Electrochemical performance of
spiral-structured energy storage electrodes

Another important advantage of our approach was that
various shape-structured elastomers could be easily
converted into energy storage electrodes. Based on this
facile shape control, we attempted to further enhance the
mechanical properties by using a spiral-structured design
in the NiCo-PDMS (Figures 4A and 2B). As mentioned
earlier, the spiral NiCo-PDMS could show remarkably
improved electrical stability (or stretchability) by effec-
tively diminishing the tensile strain due to its spiral
structure and hierarchically micro/nano-wrinkled struc-
tures. To more evidently demonstrate the effectiveness of
the spiral structure, we further investigated the electro-
chemical stability of the spiral NiCo-PDMS electrode
under an extremely high tensile strain of 500%. As shown
in Figure 4B, the spiral NiCo-PDMS electrode showed
only a 4% decrease in the integrated CV area with an
obvious redox pair at the stretched state; however, the
peak separation (AE,) between redox peaks increased to
some degree due to the increased resistance values.
These resistance behaviors were supported by the EIS
measurements, in which the stretched spiral electrode
showed a higher equivalent series resistance (R; of
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FIGURE 4 (A) Schematic illustration and photographs of spiral NiCo-PDMS at the relaxed (0%; top left side) and stretched (500%;
bottom side) states. The planar FE-SEM images of spiral NiCo-PDMS at the relaxed state are also shown (top right side). Comparison of
(B) CV curves at a scan rate of 30mV s, (C) Nyquist plots, (D) areal capacity (obtained from GCD curves at different current densities

ranging from 0.25 to 20 mA cm™2), and (E) long-term cycling stability (during 5000 GCD cycles at a current density of 10 mA cm™2) of the
spiral NiCo-PDMS electrode between the relaxed (0%) and stretched (500%) states.

~11.6 Q) and charge-transfer resistance (R.; determined
by the semicircles in the high-frequency region) than
those of the relaxed electrode (R of ~6.1 Q) (Figure 4C).
In particular, these phenomena were quite consistent
with the aforementioned results of electrical stability
with a AR/R, of ~2.5 at the same tensile strain of 500%
(Figure S14). Additionally, the spiral NiCo-PDMS elec-
trode showed no significant difference in the ion
diffusion resistance (or Warburg impedance [W], deter-
mined by the slopes of the tails in the low-frequency
region) between the stretched and relaxed states.

Based on these enhanced mechanical properties, the
spiral NiCo-PDMS electrode could be stably operated
even at the stretched state of 500%, which was clearly
confirmed by the scan rate-dependent CV curves (from 5
to 50mVs™') and current density-dependent GCD
profiles (from 0.25 to 20 mA cm™?) (Figure S22). Addi-
tionally, the areal capacity obtained from the GCD
profiles at the stretched state was maintained nearly
the same as that at the relaxed state and only slightly
decreased at a high current density of 20 mA cm 2
(Figure 4D). To further investigate both the mechanical
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and operational stabilities of the spiral NiCo-PDMS
electrode, we compared the cycling retention at the
stretched and relaxed states during 5000 GCD cycles at a
current density of 10 mA cm™> (Figure 4E). In this case,
even at the stretched state of 500%, the spiral electrode
retained ~76% of the initial capacity after 5000 GCD
cycles, which was quite comparable to the relaxed state
with a capacity retention of ~80%. These results showed
that a spiral-structured energy storage electrode with
remarkably enhanced mechanical features could be
easily realized using our unique approach.

2.5 | Electrochemical performance
of 3D porous-structured energy storage
electrodes

Due to its facile shape control on elastomeric electrodes,
a 3D porous-structured NiCo-PDMS electrode (elastomer
thickness of ~1 mm) with mechanical deformability was
prepared, as shown in Figures 5A,B and 2D. The porous
structure could notably increase the active surface area
along with hierarchically micro/nano-wrinkled struc-
tures, thereby inducing a marked increase in the energy
storage performance (particularly areal capacity) of
electrodes. To quantify this enlarged surface area, the
electrochemical surface area (ECSA) was estimated from
the double-layer capacitance (Cyq) acquired at different
scan rates of CV curves in the non-Faradaic potential
region from 0 to 0.1 V (Figures 5C and S23).° As a result,
the ECSA of the porous NiCo-PDMS electrode was nearly
nine times larger than that of the flat NiCo-PDMS
electrode, apparently demonstrating that the porous
structure could remarkably increase the active surface
area of the electrode. Therefore, we increased the
concentration of the KOH electrolyte from 1 to 6 M due
to the large difference in the active surface area between
porous NiCo-PDMS and flat NiCo-PDMS electrodes.
Additionally, the porous NiCo-PDMS electrode showed
complete wettability to the aqueous electrolyte, which
was in sharp contrast to the bare porous PDMS elastomer
with hydrophobic surface properties (Figure S24). That
is, the conformal coating of a hydrophilic NiCo LDH
layer from the exterior to the interior of the porous
PDMS elastomer allowed effective penetration of the
electrolyte into the porous structure for facile ion
transportation.

As shown in Figure 5D, the porous NiCo-PDMS
electrode showed significantly better current responses
and integrated CV area than the flat NiCo-PDMS
electrode at a scan rate of 30 mV s™*. However, the redox
peaks of the porous electrode were slightly deviated and
broadened compared with those of the flat electrode, as

also observed in the scan rate-dependent CV curves
ranging from 5 to 50 mV s~ (Figures 3D and S25). These
trends were further intensified as the mass loading of the
active NiCo LDH layer increased (Figure S26), which was
mainly caused by the increased internal resistance.’’ As
evidence of these phenomena, the EIS analysis showed
that the porous electrode had a higher R, of ~4.5 Q with
increased ion diffusion resistance (from the lower slope
of the tail) than the flat electrode with an Ry of ~2.9 Q
(Figure 5E). Despite the slight increase in the resistance
values, the porous NiCo-PDMS electrode could achieve
an extremely high areal capacity of ~280 pAhcm™ at a
current density of 1 mA cm™2, which substantially out-
performed that of the flat NiCo-PDMS electrode and
previously reported elastomeric electrodes (Figure S5F
and Table S2). In this case, it was worth noting that this
markedly enhanced capacity value originated from the
enlarged active surface area by the optimal formation of a
hierarchical structure composed of micro/nano-wrinkles
on the macroporous framework. The porous NiCo-PDMS
electrode also showed good rate capability with a capacity
retention of ~72.1% (areal capacity of ~202uAhcm™?),
even at a high current density of 20mAcm 2 The
electrochemical stability was also examined during 5000
GCD cycles at a current density of 20 mA cm ™2, showing a
satisfactory cycling retention of ~81.3% with a Coulombic
efficiency of ~97.4% (Figure 5G). These results clearly
proved that our unique metal NP assembly-assisted
electrodeposition could enable the preparation of a fine
and robust hierarchical structure using favorable inter-
facial interactions and further provide an efficient path-
way for developing and designing high-performance
energy storage electrodes with various form factors.

To further demonstrate the practicality of our elasto-
meric electrodes, we constructed an asymmetric energy
storage device with porous NiCo-PDMS as a positive
electrode and carbon textile (CT) as a negative electrode
using a 6 M KOH electrolyte. In this case, the negative
CT electrode showed the electric double-layer capacitor
(EDLC) behaviors of rectangular-shaped CV and
triangular-shaped GCD curves in a three-electrode system
with a potential window of —1.0 to 0V (vs. Hg/HgO)
(Figure S27). Therefore, by controlling the charge balance
of the two electrodes, the overall potential window of the
full-cell device (shortly porous NiCo-PDMS//CT) could
be successfully increased to 1.6V with no apparent
overpotential region (Figures S28A and S28B). As a result,
the as-prepared porous NiCo-PDMS//CT showed stable
operation with mixed capacitive features of EDLC and
Faradaic reactions in the potential window of 1.6V, as
confirmed by the scan rate-dependent CV (from 5 to
50mV s™') and current density-dependent GCD (from 1 to
20 mA cm™?) profiles (Figures S28C and S28D). The areal
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FIGURE 5 (A) Schematic illustration and planar FE-SEM images of porous NiCo-PDMS. (B) Photographs of porous NiCo-PDMS at the
initial state (left side) and under various mechanical deformation states (bending, twisting, and wrapping; right side). (C) Comparison of the
current versus scan rate plots between porous NiCo-PDMS and flat NiCo-PDMS electrodes from the CV curves at various scan rates ranging
from 5 to 200 mV s™! in the non-Faradaic potential window from 0 to 0.1 V. In this case, the double-layer capacitance (Cg; obtained from the
slope of linearly fitted lines) and corresponding ECSA values are also shown. Comparison of (D) CV curves at a scan rate of 30 mVs™,

(E) Nyquist plots, and (F) areal capacity (obtained from GCD curves at different current densities ranging from 1 to 20 mA cm™2) between
porous NiCo-PDMS and flat NiCo-PDMS electrodes. (G) Capacity retention (left axis, red line/circles) and Coulombic efficiency (right axis,
black line/circles) of the porous NiCo-PDMS electrode during 5000 GCD cycles at a current density of 20 mA cm™2. The inset shows the

GCD profiles at cycle numbers 1, 1000, 2000, 3000, 4000, and 5000.
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capacity of porous NiCo-PDMS//CT was measured to be
~331pAhcm™ at a current density of 1mAcm™2
showing a capacity retention of ~63.2% at a current
density of 20mA cm™? (Figure S28E). In addition, the
maximum areal energy and power densities were calcu-
lated to be approximately 264.6 uWh cm ™2 (at 1 mA cm™2)
and 16.0mWcm ™2 (at 20 mA cm™2), respectively. When
the operational stability was evaluated by the GCD
measurements at a current density of 20mA cm™> for
5000 cycles, the porous NiCo-PDMS//CT retained ~74.0%
of the initial capacity with a high Coulombic efficiency of
~98.5% (Figure S28F). By considering these outperforming
performance indicators based on the micro/nano-
wrinkled structure and shape controllability of elastomeric
electrodes, we strongly believe that our approach has
excellent potential for the use toward the development of
high-performance stretchable/flexible energy storage
devices.

3 | CONCLUSION

In this study, we demonstrated that hierarchically micro/
nano-wrinkle-structured elastomeric energy storage elec-
trodes with unprecedentedly high areal capacity, good rate
capability, excellent mechanical properties, and facile
shape control could be prepared through metal NP
assembly and subsequent Ni/NiCo electrodeposition. Our
approach was characterized by the fact that the assembly
of a densely packed metal NP layer onto swollen SH-PDMS
and the subsequent electrodeposition of conductive/active
metallic layers could induce the formation of micro/nano-
wrinkled structures with stable interfacial interactions,
which could significantly contribute to the large active
surface area, high electrical conductivity, and effective
alleviation of mechanical stress under external deforma-
tion. In particular, when our approach was applied to
spiral- and porous-structured PDMS elastomers, micro/
nano-wrinkled structures were conformally formed on the
surface of those PDMS elastomers regardless of their
arbitrarily shaped design. As a result, the formed electrodes
showed an extremely high stretchability of ~500% (by
using spiral-structured PDMS) and an areal capacity of
~280 wAh cm ™2 (by using porous-structured PDMS), along
with superior rate capability and good mechanical
flexibility, which outperformed conventional elastomeric
energy storage electrodes. Considering that the elastomeric
electrodes reported to date have many difficulties in
satisfying both high energy storage and good mechnical
performance, our approach could provide a breakthrough
for developing and designing high-performance elasto-
meric energy storage electrodes with desired shapes.
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