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ABSTRACT: For next-generation wearable and implantable devices, energy storage
devices should be soft and mechanically deformable and easily printable on any
substrate or active devices. Herein, we introduce a fully stretchable lithium-ion
battery system for free-form configurations in which all components, including
electrodes, current collectors, separators, and encapsulants, are intrinsically
stretchable and printable. The stretchable electrode acquires intrinsic stretchability
and improved interfacial adhesion with the active materials via a functionalized
physically cross-linked organogel as a stretchable binder and separator. Intrinsically
stretchable current collectors are fabricated in the form of nanocomposites
consisting of a matrix with excellent barrier properties without swelling in organic
electrolytes and nanostructure-controlled multimodal conductive fillers. Due to
structural and materials freedoms, we successfully fabricate several types of
stretchable lithium-ion battery that reliably operates under various stretch
deformations with capacity and rate capability comparable with a nonstretchable
battery over 2.5 mWh cm−2 at 0.5 C, even under high mass loading conditions over 10 mg cm−2, including stacked
configuration, direct integration on both sides of a stretch fabric, and application of various electrode materials and
electrolytes. Especially, our stretchable battery printed on a stretch fabric also exhibits high performance and stretch/long-
term stabilities in the air even with wearing and pulling.
KEYWORDS: stretchable lithium-ion battery, physically cross-linked organogels, stretchable current collector,
all-component intrinsically stretchable battery, printing on stretch fabric

Wearable and implantable electronics are of signifi-
cant interest because of their wide range of
potential applications, such as electronic skin,

implantable health monitoring, and soft robotics for
augmented reality.1−5 Stretchability is an important property
for the advancement to next-generation wearable electronics,
which stably operate against mechanical deformations such as
bending, twisting, and stretching. The power source is one
component of wearable electronics, but the development of
stretchable energy storage devices is lagging.6 While other
stretchable devices can simply achieve stretchability by
miniaturization or thinning of active devices and leaning on
the stretchability of the substrate, an energy storage device
should be stretchable on its own because the amount of active
materials are directly related to energy storage performance.
However, only with hard inorganic active materials, it is very
difficult to even operate the energy storage under mechanical
deformation.7−12

The lithium-ion battery (LIB), the most commonly used
rechargeable energy storage system due to its high energy
density, long life, and low self-discharge rate, is composed of an
anode and cathode, current collector, separator, electrolyte,
and encapsulant.13,14 To fabricate a stretchable full cell, all of
these components must function reliably under mechanical
deformation. Many structural approaches to specific compo-
nents, especially electrodes, have been proposed for stretchable
batteries, for example, wavy (buckled),15,16 porous,17,18

island−bridge (serpentine),19 spring/textile,20−23 and compo-
site structures.24−26 However, most structures acquire
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stretchability via prestraining or hybridization with a significant
amount of elastomer that does not participate in energy
storage, resulting in inevitably deteriorated energy storage
performance in terms of volumetric/areal energy densities and
rate capability. Also, most approaches have demonstrated only
stretchability of a specific component rather than stretchability
of the entire full-cell system. Although several stretchable full-
cell batteries based on stretchable components recently have
been reported,27−29 realizing an ideal stretchable battery is still
a long way off due to the lack of a stretchable current collector
that stably maintains stretchability and conductivity even in
contact with the electrolyte and a stretchable encapsulant that
provides long-term stability in air. In addition, the greatest
advantage of the stretchable device is best revealed in the free
form. If all components have inherent stretchability and can be
easily printed, then applications are infinite.
Herein, we report a fully stretchable LIB system based on

intrinsically all-stretchable components, including electrodes,
current collectors, separator, and encapsulant. Stretchable
electrodes acquired intrinsic elasticity without adding an
elastomer via physically cross-linked organogels (PCOGs)
made from crystal growth control of polyvinylidene fluoride
(PVDF), which is commonly used as a binder. Additionally,
through its functionalization, adhesive properties were
improved to suppress detaching from the active material
under mechanical deformation, even with a small amount and
even in solvent-soaked conditions. The PCOG was also used as
a stretchable separator. The intrinsically stretchable and
printable current collector (SCC) used a composite-based
stretchable conductive adhesive technology previously re-
ported by us30 that incorporated multiscale metal micro-
particles and one-dimensional (1D) multiwalled carbon
nanotubes (MWCNTs) as conductive fillers so that
percolation could be well maintained even in the stretched
state. Polyisobutylene (PIB), which has the best barrier
properties among elastomers and does not swell in organic

electrolytes, could be used as a matrix of the current collector
and encapsulant to maintain stable stretchable battery
performance for a long time. These approaches for
stretchability and printability of each of all-components can
provide the structural freedom of stretchable battery
configurations along with material freedom of active materials
and organic electrolytes. Our fully stretchable LIB demon-
strated excellent energy storage performance over 130 mAh g−1

at 0.5 C without capacity degradation under 50% strain,
showed stable electrochemical performance after 1000 times
repetitive stretch/release cycles, and had superior long-term
stability over 100 cycles under various deformations in an
ambient air. Last, we first and successfully integrated a
stretchable LIB full cell directly into a stretch fabric by
double-sided sequential printing the electrodes and their
current collectors each onto the stretch fabric used as a
stretchable separator. The stretchable LIB integrated in stretch
fabric of the arm-sleeve also showed high performance and
mechanical stability under mechanical deformation such as
wearing or stretching.

RESULTS AND DISCUSSION
Figure 1 presents schematic and detailed views of the
multilayered structure of a fully stretchable LIB. The battery
consists of a Ni-based cathodic SCC, PCOG/lithium iron
phosphate (LFP) cathode, stretchable PCOG electrolyte/
separator, PCOG/lithium titanate (LTO) anode, Ag-based
anodic SCC, and PIB stretchable encapsulant. For the
realization of intrinsically stretchable electrodes, we have
noted interesting properties of PVDF, that is, it can form ion/
organo gels with ionic liquids or carbonate electrolytes via
crystallization from ketone solvents (inset image of Figure
1).31,32 PVDF is widely used as a binder for electrodes because
of high ionic conductivity and mechanical/electrochemical
stabilities, but it is mainly used in the form of a poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) random co-

Figure 1. Schematic illustration of the assembled cell of the fully stretchable LIB based on PCOG/active materials, SCCs, stretchable PCOG
separator, and stretchable encapsulant printed on stretch fabric. The PCOG and active materials composite electrode with the electrolyte
contains physically cross-linked crystallite domains, swollen amorphous soft domains, and functionalized moieties to hold the active
materials well, resulting in stable stretchability. The 1D carbon nanotube and multimodal metal microparticle nanocomposited SCCs also
structurally maintain the multiple percolation paths even in the stretched state.
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polymer, which does not readily form crystallites, because high
crystallinity is not required for the binder. Rather, we
implemented a stretchable organogel network using the high
crystallinity of PVDF as rigid domains of an elastomer (mass)
and swollen amorphous domains with high mobility from
electrolyte/carbonate solvents as elastic springs of a mass−
spring network.31,32 In addition, for stretchability of the
composite electrode, it is essential to prevent delamination at
the interface between the active materials and the PCOG by
strengthening the interfacial adhesion. We functionalized the
PVDF with hydroxyl groups to increase adhesion with the
active materials so that the microstructure of the electrodes
could be maintained without delamination, even under
mechanical deformation.
The hydroxyl group-functionalized PVDF (F-PVDF)

polymer was produced according to the Fenton reaction.33

Figure S1 presents X-ray photoelectron spectroscopy (XPS)
survey spectra of pristine PVDF and F-PVDF and their
chemical interpretation. Functionalization increased the
intensity of the oxygen peak (O 1s) from 0% to 6.02% and
reduced the intensity of the fluorine peak (F 1s) from 67.1% to
56.1%. A new intense C−O peak appeared at 288.9 eV (C 1s),
while C−F peaks at 291.7 eV were less intense (Figure 2a).34

The Fourier transform-infrared (FT-IR) spectrum of F-PVDF
displayed a new absorption peak at 3350 cm−1, which is
characteristic of the hydroxyl group (Figure S2).35 The
partially hydroxylated F-PVDF promoted intimate interactions
between the active materials.
Differential scanning calorimetric analysis of the F-PVDF

films was performed in the dry state and in the wet state when
immersed in liquid electrolyte (1 M LiPF6 in ethylene
carbonate/diethyl carbonate/dimethyl carbonate (EC/DEC/

DMC), 1:1:1 vol %). Differences in crystallinity of the films
after solvent evaporation and crystallite changes due to
electrolyte wetting were investigated (Figure 2b). N-Methyl-
pyrrolidone (NMP) is a good solvent and generally used in
slurry preparations, while acetone is a marginal solvent. The
melting temperature (Tm) of the dried F-PVDF films obtained
from NMP and acetone was 156 and 162 °C, respectively.
Acetone provided a more crystalline film, and gelation
occurred during the evaporation process, forming a physically
cross-linked (crystalline) structure. When wetted with the
electrolyte (solid line in Figure 2b), the Tm of the crystallites
formed from the NMP treatment shift to 112 °C, which
indicated that the crystalline phase was completely swollen.
However, two Tm peaks were observed for the crystallites
formed from acetone treatment (red solid line in Figure 2b),
with the low-temperature peak at 123 °C corresponding to
partially swollen F-PVDF and the high-temperature peak at
154 °C to the unswollen cross-linked structure. This suggested
that the rigid physically cross-linked structure could be
maintained even if the film was soaked in electrolyte.
The crystalline phases of the PVDF film cast from NMP

solution, and F-PVDF films cast from NMP and acetone
solutions, were further characterized by FT-IR (Figure S2b).
The PVDF film was predominantly α-phase, while the F-PVDF
contained α- and γ-phase crystallites. X-ray diffraction analysis
(Figures 2c and S3) revealed that the PVDF film contained
relatively small (7.5 nm) α-phase crystallites, but the
crystallites in the F-PVDF film were larger from acetone
(16.9 nm) than from NMP (8.4 nm).36,37 We believe that only
the crystallites formed from acetone can provide physical cross-
linking between polymer chains because the number of PVDF
chains constituting the crystallite can be multiple only if the

Figure 2. (a) X-ray photoelectron C 1s spectra of pristine PVDF and F-PVDF. (b) Differential scanning calorimetry analysis (10 °C min−1)
of first scanned profiles of dried F-PVDF films from acetone at room temperature (red dashed line), from NMP at 60 °C (blue dashed line),
and F-PVDF films wetted with acetone (red solid line) and NMP (blue solid line). Fourier transform-infrared spectra of (c) PVDF powder
(gray) and F-PVDF powder (red). (c) X-ray diffraction patterns of dried pristine PVDF film from NMP (gray), dried F-PVDF films from
NMP (blue), and acetone (red), respectively. (d) Adhesion force measurements via peel test of the PVDF/LFP film and the PCOG/LFP film
under dry state.
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size is at least close to the radius of gyration of PVDF (∼12
nm, assuming a polydispersity index of ∼2.25).38 Further
details can be found in the Supporting Information. Peel tests
were performed to quantitatively measure the interfacial
adhesions between the particles and the binders in the
composite electrodes and the adhesions of the binders under
wetted state with the electrolyte (Figures 2d and S4). F-
PVDF/LFP and PVDF/LFP composite films (∼150 μm) were
attached between two sheets of 10 × 50 mm2 polyimide (PI)
films using a cyanoacrylate adhesive to prepare the specimens
to be separated inside the films during the peel test. By
measuring the cohesive strength of the composite films, the
cohesive strength of the F-PVDF/LFP film was 1.2 times
greater than that of the PVDF/LFP film (Figure 2d). This
result means that the adhesion property between the F-PVDF
and LFP particles constituting the composite electrode is
greatly improved, because the hydroxyl group introduced by
the functionalization process of F-PVDF increases the
interfacial interaction with the LFP particles. Next, specimens
were prepared by coating each binder solution on the PI film
and attaching another PI film before drying (binder thickness:
∼150 μm). The sandwiched films were immersed in 1 M LiPF6
in EC/DEC/DMC electrolyte solution for 10 min prior to
testing to examine the adhesion properties in the wet state.
Adhesion force measurements under the wet state revealed
that the adhesion strength of the F-PVDF film was much
greater (∼1.5-times) than that of pristine PVDF (Figure S4).

Therefore, the F-PVDF-based PCOG stretchable composite
electrode strengthens the interface between the active material
and the binder, enabling it to maintain stretchability without
fractures even with a small amount at the wet state in the
electrolyte.
Stretchable anodes and cathodes were fabricated based on

the composites of the PCOG and microparticle-type active
materials and carbon black (weight ratio of 25:68:7), and
stretchability was evaluated in the wet state. Scanning electron
microscopy (SEM) images revealed that pristine PVDF/LFP
particle composites contained numerous voids between the
LFP particles and the PVDF and that delamination occurred at
30% strain due to poor adhesion (Figure 3a). In contrast, the
PCOG uniformly covered LFP particles without voids and
maintained the network without separation from particles even
under 50% uniaxial strain (Figure 3b). Because the PCOG had
physically cross-linked hard domains, partially swollen soft
domains in the electrolyte, and functionalized groups for tight
adhesion, the PCOG/LFP cathode remained stretchable under
deformation even with low content of PCOG (inset of Figure
1). The PCOG/LTO composite anode also displayed a similar
morphological stability under 50% strain (Figure S5a). The
resistance of the PCOG/LTO anode, PCOG/LFP cathode,
and pristine PVDF/LFP as a control group was measured at
various strains to examine further the electrical properties
under strain (Figure 3c). The electrical conductivities of the
PCOG/LTO, PCOG/LFP, and PVDF/LFP were 3.1, 1.63,

Figure 3. Scanning electron microscope images of (a) pristine PVDF/LFP and (b) PCOG/LFP cathodes, and (d) SCC-Ag under unstrained
and 50% strained conditions. (c) Resistance as a function of strain of the PCOG/LTO anode (red), PCOG/LFP cathode (blue), and pristine
PVDF/LFP cathode (black). (e) Resistance as a function of strain of SCC-Ag (gray) and SCC-Ni (blue).
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and 1.58 S cm−1, respectively. The resistances of the PCOG-
based cathode and anode were almost unchanged until 50%
strain, started to increase at 60%, and were 8-fold higher at
90% strain, while the pristine PVDF/LFP electrodes broke at
40% strain. We also tested the durability of the electrical
properties of the stretchable cathode and anode. Highly stable
electrode material connections with little change in resistance
were observed even after 5000 stretching/releasing cycles at
strains up to 50% (Figure S6a). Our approach that imparts
stretchability and interfacial adhesion to typical binder
materials used in conventional LIBs could become a much
more universally applied and influential technology for a
stretchable battery, as current materials and processes can be
used as is.
Next, when the intrinsically SCC can be introduced using a

printing process, a print-type stretchable battery can be
introduced on any substrate or next to other stretchable active
devices such as glucose sensors, with a variety of structural
freedoms, from stacked to 3D interdigitated configurations.
While the intrinsic and printable SCC is rarely used in
stretchable batteries yet (Table S1), we fabricated it using our
nanocomposite-based architecture-controlled technology.30

Various multiscale metal microparticles (Ag particles for the
anode, Ni particles for the cathode; 74.8 wt %) can be widely
selected as the conductive fillers, and 1D MWCNTs (0.2 wt
%) were used as an auxiliary filler to induce elongated phase
separation and a networked structure to facilitate percolation
formation and maintenance in the stretched state. The SCC
matrix should stably maintain stretchability and percolation
paths without swelling or other structural changes during the
electrode coating process and immersing in the electrolyte.
Also, if the electrolyte swells the current collector unnecessa-
rily, a large amount of electrolytes is required and the
electrolyte drought occurs quickly. To identify these materials,
we measured the swelling ratios of typical elastomer films
including PIB and PDMS under the saturated vapors of liquid

electrolytes (Figure S7). The thickness change (swelling ratio,
S = t/t0) of PIB film was 1 (almost no change), whereas
PDMS, which is the most commonly used elastomer in
stretchable batteries, swelled significantly to 2.25. The PIB
solution also has orthogonality with the electrode coating
solution, allowing additive printing in any order. In addition,
the PIB is a material commonly used as an adhesive in industry
and has the advantage of preventing delamination between the
electrodes and the SCCs, so the PIB was adopted as the matrix
of the SCC (24.9 wt %).
The 200 μm-thick SCC-Ag and SCC-Ni electrodes were

prepared by a doctor-blade method and dried at 60 °C for 2 h.
Figures 3d and S5b present SEM images of the PIB/Ag and
PIB/Ni SCCs under unstrained and 50% strain conditions.
The Ag and Ni particles were uniformly distributed in the PIB
in the initial state, and the conductive particles, at 50% strain,
maintained a dense conductive network within elongated
bridges due to the elastic properties of PIB. The electrical
conductivities of the SCC-Ag and SCC-Ni electrodes were
3912 and 2105 S cm−1, respectively, and the resistance changes
as a function of uniaxial strain are shown in Figure 3e. The
SCC-Ni and SCC-Ag electrodes exhibited slight increases from
the unstrained to the 50% strain condition, respectively, and
stable deformation up to 130% strain. Additionally, the
resistance changes over 5000 cycles at 50% strain were 1.22
and 1.24, respectively, indicating excellent electrical stability
during repeated stretching cycles (Figure S6b). The MWCNTs
made the effective interparticle interactions between the Ag
conductive particles more attractive, causing excellent electrical
stability and thereby rendering the percolating network
relatively stable (Figure S8).30

The effect of the PCOG/active materials and SCCs on the
electrochemical performance of LIBs was investigated. The
PCOG/LTO anode and PCOG/LFP cathode were prepared
by slurry-coating the active materials onto the SCC-Ag and
SCC-Ni surfaces. Galvanostatic testing was conducted in half-

Figure 4. Schematic illustrations and electrochemical performances of PCOG-based composites. (a, b) Cathode, (c, d) anode, and (e, f) full
cell. Representative charge/discharge curves of (a) PCOG/LFP between 2 and 3.7 V, (c) PCOG/LTO between 1 and 2.3 V, and (e) PCOG/
LFP and PCOG/LTO full cell between 1 and 2.3 V. Cycling performances and Coulombic efficiencies of (b) PCOG/LFP and (d) PCOG/
LTO half cells and (f) PCOG/LFP and PCOG/LTO full cells at 0.5 C.
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cell configurations using a standard 2032-type coin cell with
lithium metal as counter electrodes, the PCOG as separator,
and 1 M LiPF6 in EC/DEC/DMC (1:1:1 vol %) as electrolyte
(Figure 4a,c). The PCOG wetted with electrolyte also
displayed good stretchability and transparency due to physical
cross-linking, so it can be applied as a stretchable separator, as
shown in our previous study24 and Figure S9. The ionic
conductivities of the PCOG and PP separators were 0.986 and
0.518 mS cm−1, respectively, which provided a slightly higher
mobility to ions (Figure S10), and electrolyte uptake of the
dried PCOG separator was over 250% (Figure S11). The
galvanostatic electrochemical and rate performances of the
PCOG/LFP cathode were 135, 121, 112, 102, and 99 mAh g−1

of specific capacities at rates of 0.1, 0.2, 0.5, 0.8, 1, and 3 C,
respectively (Figures 4a and S12a). In addition, the PCOG/
LTO anode displayed corresponding values of 158, 156, 153,
151, and 150 mAh g−1 at rates of 0.1, 0.2, 0.5, 0.8, 1, and 3 C,
respectively (Figures 4c and S12b). Figure 4b,d presents
retention test results for the PCOG/LFP cathode and PCOG/
LTO anode conducted at the rate of 0.5 C. The specific
capacities of the electrodes were 85% and 99%, respectively,
after 200 cycles. The Coulombic efficiencies at 0.5 C were
close to 100%. We also used mesocarbon microbeads
(MCMB) graphite powder with this PCOG to fabricate a
stretchable anode and achieved a high performance of 230
mAh g−1 at 0.5 C (Figure S13a). This result confirmed the
great cycling performance, high reversibility, and material
versatility of the intrinsically stretchable cathode and anode.
The electrochemical performance of the full-cell assembly of

the PCOG/LFP cathode and PCOG/LTO anode with the
SCCs in a coin-cell configuration without strain was measured
using a stretchable PCOG as a separator (inset of Figure 4e).
Figure 4e presents the galvanostatic charge/discharge curves
over the range of 1−2.3 V for the stretchable full cell in the
presence of 1 M LiPF6 electrolyte. It was conducted based on

the active material of the anode. The rate capability of the full
cell (Figure 4f) was evaluated at 0.2 and 1 C; specific capacities
of 149 and 112 mAh g−1, respectively, were obtained. Figure
S12c presents the cycling performance of the stretchable
PCOG full cell at a rate of 0.5 C; the full cell exhibited a highly
stable discharge capacity of 128 mAh g−1 at 0.5 C, which
resulted in 99% capacity retention after 200 cycles. In addition,
the full cell of PCOG/LFP and PCOG/MCMB was also
fabricated, exhibiting capacity of 142 mAh g−1 at 0.5 C with an
operating voltage of 3.3 V (Figure S13b), confirming successful
operation. Using an ionic liquid instead of carbonate solvents
in the same cell, the storage performance of 128 mAh g−1 at
0.5 C was demonstrated, confirming that our cell can use a
variety of electrode and electrolyte materials and can be
nonflammable (Figure S14).
An all-stretchable-component LIB was assembled by

sequentially stacking the SCC-Ni, PCOG/LFP cathode,
stretchable PCOG separator, PCOG/LTO anode, SCC-Ag,
and PIB encapsulation substrate (Figure 5a). Each component
in the stretchable LIB was fabricated by a solution doctor-
blading process. This all-printable solution process provides
free-form form factors for stretchable batteries, greatly
increasing their applicability. The thicknesses of the anode
electrode, PCOG separator, and cathode electrode were 100,
20, and 100 μm, respectively, and the total thickness of the
stretchable LIB was <1 mm, including the encapsulation layers.
The PIB was also used as an encapsulating material because it
exhibited the highest barrier properties among elastomers and
does not swell in organic electrolytes (Figure S7). The
electrochemical performance of the fully stretchable full cell
was measured at various current rates over the range of 1−2.3
V (Figure S15). The discharge capacities were 144, 137, 128,
121, and 112 mAh g−1 at 0.1, 0.2, 0.5, 0.8, and 1 C,
respectively, indicating good rate capability even in the
stretchable cell configuration. The areal and volumetric

Figure 5. (a) Schematic illustration of the fabricated stretchable battery. (b) Charge/discharge curves of the stretchable battery in the
unstretched (black), 50% stretched (red), and released (blue) states at 0.5 C. (c) Discharge capacity of the stretchable battery ranging from
0% to 50% strain for five cycles at 10% intervals to 70 cycles at 0.5 C. (d) Capacity change under repetitive stretching/releasing between 0%
and 50% strain. (e) Photographs of the stretchable battery in various deformation states turning on a light-emitting diode bulb.
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capacities were 1.5 mAh cm−2 and 3.75 mAh cm−3 at 0.5 C
(the total thickness of the anode, cathode, and separator was
∼0.4 mm). The areal and volumetric energy densities were 2.3
mWh cm−2 and 57.5 mWh cm−3, respectively. We also
investigated the long-term stability of the organic electrolyte-
based stretchable LIB full cell in ambient air; this is not
reported in most stretchable battery studies. The capacity
retention of our fully stretchable LIB at the current rate of 0.5
C was a very high ∼92% after 110 cycles in ambient air, not in
a glovebox.
The mechanical stability of the fully stretchable LIB was

evaluated under various conditions in air. Exhibiting a
discharge capacity of 131 mAh g−1 at 0.5 C before tensioning,
it maintained high values of 124 and 128 mAh g−1 at 50%
strain and upon returning to 0% strain, respectively (Figure
5b). Cycling tests at 0.5 C under various strains ranging from
0% to 50% at 10% intervals were performed for five cycles each
(Figure 5c). The fully stretchable LIB exhibited little change in
charge/discharge characteristics even under the various strain
conditions (capacity retention of 92% at 50% strain) and also
showed long-term stability over 70 cycles even under the
stretching test. After 1000 cycles of repetitive stretching/
releasing at 50% strain, the fully stretchable LIB also retained
over 89% of its discharge capacity at 0.5 C (Figure 5d). In
addition, the stretchable full battery with PCOG/MCMB and
PCOG/LFP electrodes stably maintained the capacity of 132
mAh g−1 at 0.5 C (93% of retention compared to flat state)
with an operating voltage of 3.2−3.35 V even in a bending test
with a 2 mm radius of curvature (Figure S16). These excellent
mechanical stabilities originated from the deformability of the
PCOG electrodes and SCCs (Figure 3). No delamination or
voids were observed between the electrode and the SCC after

100 cycles of repeated stretching/releasing at 50%, as shown in
SEM images in Figure S17. Table S1 compares the capacity,
energy density, strain stability, repetitive strain stability, long-
term stability, and stretch strategies of each component,
including the current collector and encapsulant, with
previously reported nonaqueous stretchable batteries. Our
stretchable LIB has demonstrated superior areal capacity and
energy density with excellent rate capability at a high mass
loading compared to other stretchable batteries, exhibited
various types of stretchable batteries through the versatility of
materials and printability of all components, and confirmed
mechanical stabilities under various deformations resulting
from the intr ins ic stretchabi l i ty of a l l compo-
nents.12−14,16−22,25,39 Figure 5e shows that the fully stretchable
LIB could operate a light-emitting diode under various
deformations, such as twisting and stretching, which indicates
that it could supply power even under external strain (Movie
S1).
Our fully stretchable LIB can be manufactured using a

printing process, greatly increasing structural freedom and
allowing integration even with a stretchy fabric. A fabric-based
stretchable LIB could be operated as a mobile display or smart
watch for health monitoring systems (Figure 1). Figure 6a
illustrates the case where the stretch fabric itself acted as a
stretchable separator and had stretchable electrodes and SCCs
coated on both sides by stencil printing. As far as we know,
using stretch fabric as a separator, and fabricating printed cells
in a laminated form on stretch fabric, has not been attempted
before. It was then encapsulated with a PIB film/resin, and 1 M
LiPF6 electrolyte was injected into the cell. Cross-sectional
SEM images and corresponding elemental mapping confirmed
conformal coating of the high mass loading (11.7 mg cm−2)

Figure 6. (a) Schematic illustration of the stretchable battery printed on stretch fabric consisting of printable stretchable electrodes, SCCs,
encapsulant, and fabric as a stretchable separator. (b) Scanning electron microscope cross-sectional image of the stretchable battery printed
on the stretch fabric. (c) Capacity change as a function of strain. (d) Change in the voltage and current of stretchable battery printed on the
stretch arm sleeve under various angled deformations at the elbow. (e) Photographic images of a continuously operated smart watch
connected with the stretchable LIB printed our institute name on the stretch fabric before and after wearing and stretching.
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PCOG/LFP cathode and PCOG/LTO anode on the 500 μm-
thick stretch fabric and well-defined areas (Figures 6b and
S18). We confirmed through impedance measurements
(Figure S10) and electrolyte uptake (>300%, Figure S11)
that the stretch fabric could function effectively as a stretchable
support and battery separator. Electrochemical performance
and retention testing of the fabric-based stretchable LIB were
measured at various current rates in ambient air (Figure S19).
The capacities of the stretchable LIB on the stretch fabric were
132 and 117 mAh g−1 at 0% and 50% strain, respectively, with
88% capacity retention at 50% strain (Figure 6c), and the areal
capacity and energy density of 1.54 mAh cm−2 and 2.8 mWh
cm−2, respectively, are the highest in organic-based intrinsic
stretchable batteries. In addition, decent long-term stability of
the stretch fabric-based stretchable LIB was confirmed with a
capacity retention of 90% at 0.5 C after 80 cycles in air (Figure
S19b). The high performance, little change in capacity, and
long-term stability in air confirmed that all of the components
and printed SCC lead tabs were also tightly attached to the
stretch fabric and operated stably under mechanical
deformations. Figures 6d and S20 present the discharge
voltages for different degrees of elbow bending of a stretchable
LIB fabricated on stretch arm sleeve fabric with dimensions of
5.2 × 2 cm2 and worn on the elbow. The voltage was almost
unchanged despite the large deformation through varying the
elbow bending angle. Practically, two stretchable LIBs printed
on a stretched arm sleeve were connected in series and
successfully operated a smart watch (operating at 3.7 V, Figure
S21) under various deformations, such as putting on, taking
off, and stretching the arm sleeve and moving the elbow
(Figure 6e and Movie S2). These results clearly demonstrate
the excellent mechanical stability of our stretchable LIB based
on PCOGs, SCCs, and stretchable separator and encapsula-
tions and indicate their great potential for applications in
wearable and skin-attachable electronics as integrated energy
storage devices.

CONCLUSIONS
We developed an all-component intrinsically stretchable and
printable LIB system, including the electrodes, current
collectors, separator, and encapsulant. Physically cross-linked
organogels with functionalization introduced into the electro-
des and the separator simultaneously facilitated access to the
electrolyte and ensured an elastic stability and higher adhesion
property within a small volume fraction. An approach that
imparts stretchability and interfacial adhesion to conventional
binder materials with high ionic conductivity used in
conventional LIBs could become a much more universally
applied and influential key technology. By introducing a
stretchable current collector as a printing method based on a
composite ink, the freedom of battery structures, such as direct
printing on any substrate or next to other stretchable active
devices, or 3D interdigitate construction as well as stacked
structures, and the freedom of material to select metal particles
easily and widely according to the operating voltage, could be
obtained. With these intrinsically stretchable and printable
components, the stretchable LIB with superior areal capacity
and energy density even comparable to nonstretchable
batteries with excellent rate capability at a high mass loading
could be fabricated. Also, various types of stretchable batteries
could be fabricated through a variety of materials and
printability of all components, and mechanical stability under
various deformations, including excellent retention rates under

strain and after repeated stretching/releasing cycles and long-
term stability under deformed state, could be obtained. Finally,
this stretchable battery system was directly printed on stretch
fabric with a stacked configuration. The stretchable battery
integrated into the stretch fabric maintains a high specific
capacity and areal energy density even when using the stretch
fabric as a stretchable separator, exhibiting superior mechanical
stability to operate the wearable watch during pulling on,
taking off, and stretching. As our stretchable and printable
battery has a comparable energy storage performance to
nonstretchable batteries, along with a wide variety of material
applicability and flexibility of structural form factors, it can be
positioned as a promising platform for free-form stretchable
batteries for the development of next-generation wearable or
implantable electronic devices.

METHODS
Materials. PDMS (Sylgard 184, Dow corning), polyurethane (PU,

C85A, BASF), styrene-ethylene-butylene-styrene (SEBS, G1657M,
KRATON) dissolved in solvent with n-hexane (Sigma-Aldrich),
dimethylforamide (DMF, Sigma-Aldrich), chloroform (Sigma-Al-
drich), respectively, were used for the swelling test of the encapsulant
film. Polyisobutylene (PIB, average Mw = 1,000,000, Sigma-Aldrich)
was dissolved in toluene (Sigma-Aldrich) to make the encapsulant
film. Active materials of the Li4Ti5O12 (LTO, MTI Corporation),
LiFePO4 (LFP, EQ-Lib-LFPO-S21, MTI Corporation), and meso-
carbon microbeads (MCMB, MTI Corporation) were used.
Polyvinylidene fluoride (PVDF, weight-averaged Mw = 534,000,
powder, Sigma-Aldrich), poly(vinylidene fluoride-co-hexafluoropropy-
lene) (PVDF-HFP, average Mw = 400,000, pellets, Sigma-Aldrich),
and acetone (Sigma-Aldrich) were used for the PCOG film. To make
the commercial battery electrode, N-methyl-2-pyrrolidone (NMP,
Sigma-aldrich) solvent was used. For the stretchable current collector,
150 nm, 2−3.5 μm, and 5−8 μm Ag particles (Sigma-Aldrich), 100
nm, 1 μm, and 50 μm Ni particles (Sigma-Aldrich), and a multiwalled
carbon nanotube (MWCNT, length = 20−100 μm, average diameter
= ∼20 nm, purity >95 wt % CNT Co., Ltd.) were purchased.

Fabrication of Stretchable PCOG/Active Material Electro-
des. The hydroxyl group-containing functionalized PVDF (F-PVDF)
was produced by the Fenton reaction.33 The neat PVDF powder (5
g), 0.695 g of FeSO4·7H2O (Sigma-Aldrich), and 25 mL of hydrogen
peroxide with 35 wt % were mixed in ethanol (25 mL) by stirring for
2 h at 50 °C. The resultant product was filtered and washed
thoroughly with 1 M H2SO4 (DAEJUNG), and the iron salt adsorbed
on the polymer was removed. The F-PVDF was then dried in a
vacuum oven overnight. The obtained F-PVDF powder (110 mg) was
dissolved in acetone (3 mL) to make a viscous liquid. Active materials
(LFP, LTO, MCMB) and super P (carbon black) were then added in
a weight ratio of 25:68:6.8 F-PVDF:active material:super P. The
slurries were mixed using a Thinky mixer ARV-310 (Thinky
Corporation) at 2000 rpm for 7 min. The fabricated slurries were
doctor bladed onto SCCs (300 μm of thickness and 5 mm s−1 of
speed) and then dried for 10 min at room temperature and vacuum
over overnight. In order to compare the performance with F-PVDF,
pristine PVDF was dissolved in NMP. The pristine PVDF-based paste
with NMP was doctor bladed and dried at 130 °C.

Fabrication of SCCs. 1 g of the PIB was dissolved in chloroform
(7 mL) for 3 h at 60 °C. 3 g of Ag particle (mixed with a size of 150
nm, 2−3.5 μm, and 5−8 μm) and 10 mg of MWCNTs were mixed,
and the PIB solution was added to the powder mixture, followed by
mixing using a Thinky mixer at 2000 rpm for 7 min. The solution was
doctor bladed onto a glass substrate. The film was dried at 60 °C for 2
h. Likewise, Ni particles (mixed with a size of 100 nm, 1 μm, and 50
μm), MWCNTs, and PIB were mixed to make a SCC for the cathode.
The thickness of the fabricated SCC-Ag, SCC-Ni was 300 μm.

Preparation of Stretchable PCOG Separator. The PVDF-HFP
pellet was dissolved in acetone at a weight ratio of 1:7 PVDF-
HFP:acetone at 50 °C for 1 h. The PVDF-HFP solution was doctor
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bladed onto the glass substrate. The film was then immersed in a
water bath for 3 h and dried under vacuum at 70 °C for 6 h. After
that, the dense surface of film was removed using an oxygen RIE
process (Femtoscience Inc. VITA, O2 20 sccm, 20 mTorr, 100 W, 25
min). Before the battery was assembled, the PCOG separator was
fully soaked with the electrolyte (1 M LiPF6 in EC/DEC/DMC
(1:1:1 vol %)).
Fabrication of Stretchable LIB. The screen-printed anode and

cathode on SCCs (mass ratio of LFP:LTO of 1:1.3 and LFP:MCMB
of 2.3:1) were attached to the PIB encapsulant films and immersed in
the electrolyte (1 M LiPF6 in EC/DEC/DMC (1:1:1 vol %) or
LiTFSI with EMIMTFSI (1:1 of weight ratio) for nonflammability)
over 1 h at room temperature. The prepared PCOG separator was
placed on one electrode. The PIB resin (5 wt % PIB in toluene) was
applied like an adhesive around the electrodes of the PIB films, and
then two electrode films were laminated. After attaching the PIB
encapsulation film, the electrolyte was injected through a syringe.
Stretchable LIB on Stretch Fabric. To print the stretchable

battery to stretch fabric, a paper mask with our institute name was
prepared using a cutting machine (Silhouette, Lindon, UT, USA).
The fabricated mask attached to the stretch fabric and the slurries of
PCOG/active materials were doctor bladed onto the stretch fabric
and dried (mass loading of 11.7 mg cm−2). Then the SCC slurry was
also screen-printed onto the coated PCOG/active materials and dried.
Next, it was flipped over, and the opposite electrode and the SCC
were coated with the mask through the same process. The PIB resin
was applied onto the stretch fabric using a brush to prevent electrolyte
leakage. Finally, after attaching the PIB encapsulation film, the
electrolyte was injected through a syringe.
Characterization. Surface morphology and cross-section of the

fabricated stretchable electrodes and SCCs were observed using
scanning electron microscopy (SEM, Sigma 300, ZEISS). The
chemical structure of the PVDF and F-PVDF were investigated by
Fourier transform-infrared (FT-IR) spectroscopy (Nicolet 380;
Thermo Fisher Scientific Inc.) and X-ray photoelectron spectroscopy
(XPS, K-Alpha+; Thermo Fisher Scientific) employing an Al Kα
source (1486.6 eV). The energy step and X-ray spot size were 0.1 eV
and 500 nm, respectively. The argon-ion beam was exposed for 1 s to
remove surface contamination of the PVDF. A curve fitting program
by Avantage software was used to fit XPS peaks with one or more
Gaussian-Lorentz functions. The melting behaviors of the wetted F-
PVDF and PVDF were analyzed using differential scanning
calorimetry (DSC, DSC7, PerkinElmer) after the dried films were
immersed in electrolyte for 30 min. The sample was measured at the
first heating scan at 10 °C/min from 30 to 300 °C. The X-ray
diffractometer (XRD, D/max2500/PC, Rigaku) was operated at 60
kV and 30 mA with Cu goniometer radius 185 mm. A universal
testing machine (UTM, 5567, Instron) was used to perform the
adhesion properties of the PCOGs immersed in electrolyte while
soaking for 30 min for the wet-state and cohesion properties in a dry-
state by attaching the film with an instant adhesive (cyanoacrylate,
Loctite 406, Henkel Ltd.). The electrochemical properties were
obtained using galvanostatic measurements with a battery tester
(WBCS3000, WonAtech).
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