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ABSTRACT: Highly deformable batteries that are flexible and
stretchable are important for the next-generation wearable devices.
Several studies have focused on the stable operation and life span
of batteries. On the other hand, there has been less focus on the
packaging of highly deformable batteries. In wearable devices,
solid-state or pouch lithium-ion batteries (LIBs) packaged in
aluminum (Al)-laminated films, which protect against moisture and
gas permeation, are used. Stretchable elastomer materials are used
as the packaging films of highly deformable batteries; however, they
are extremely permeable to gas and moisture. Therefore, a
packaging film that provides high deformability along with gas
and moisture barrier functionalities is required for the stable operation of highly deformable batteries used in ambient conditions. In
this study, a stretchable packaging film with high gas barrier functionality is developed successfully by coating a thin layer of liquid
metal onto a gold (Au)-deposited thermoplastic polyurethane film using the layer-by-layer method. The film exhibits excellent
oxygen gas impermeability under mechanical strain and extremely low moisture permeability. It shows high impermeability along
with high mechanical robustness. Using the proposed stretchable gas barrier film, a highly deformable LIB is assembled, which offers
reliable operation in air. The operation of the highly deformable battery is analyzed by powering LEDs under mechanical
deformations in ambient conditions. The proposed stretchable packaging film can potentially be used for the development of
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packaging films in advanced wearable electronic devices.
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1. INTRODUCTION

Wearable electronics applications are being extensively applied
in various fields, including medical devices, sensors, soft
robotics, and drug delivery.' ™ These devices can be either
battery-free or battery-powered; however, integrating them
with batteries is necessary for ensuring a stable power supply
and reliable operation.”” To realize a stable power supply for
wearable electronics applications, high-performance power
supplies must be flexible and stretchable while maintaining
excellent electrochemical performance. Such power supplies
can be categorized into supercapacitors, which offer high
power density and long-term cyclability, and batteries, which
offer high energy density, high working voltage, and long-term
stability. Batteries are more suitable for wearable devices than
supercapacitors in terms of energy density."”® Studies have
focused on developing batteries that are flexible and
stretchable' while offering advantages such as long life,
electrochemical stability under deformation, higher capacities,
and convenient outer designs or shapes. Therefore, they are
considered a promising power source for next-generation
wearable electronics.
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Although the packaging for highly deformable batteries is an
important consideration, limited literature is available. One
possible approach for incorporating highly deformable
batteries in wearable electronics is by replacing stiff materials
with soft and flexible materials while also ensuring stable
performance under deformation. To guarantee stable perform-
ance, the deformable packaging should prevent leakage and
evaporation of electrolytes and protect the battery against
moisture and gas permeations. Thus, it should provide long-
term stable operation in ambient conditions.””

The packaging material should be highly stretchable,
deformable, and impermeable to moisture and air to avoid
undesirable side effects in the batteries. Additionally, it should
enable stable battery operation under deformations such as
bending, twisting, folding, and stretching. Stretchable elas-
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tomers, such as polydimethylsiloxane (PDMS) and Ecoflex, are
commonly used as packaging materials for deformable
batteries.””'® Moisture and gas permeabilities of these
elastomers are significantly higher than that of an aluminum
(Al)-laminated film used in commercialized lithium-ion pouch
cells, which makes them unsuitable for packaging lithium-ion
batteries (LIBs). Therefore, stretchable material with low gas
permeability is needed. In this study, a stretchable packaging
film with high gas barrier behavior for highly deformable
batteries is fabricated. The stretchable packaging film (gas
barrier film (GBF)) has a high gas impermeability and is
slightly permeable to a low amount of moisture. Thermoplastic
polyurethane (TPU) and liquid metal (LM) are the two main
layers of the GBF. An LM layer is sandwiched between two
layers of TPU. The LM employed consists of gallium (Ga) and
tin (Sn) and is widely used in flexible or wearable electronics
because of its high electrical conductivity, stretchability, and
property of being in a liquid state at room temperature. The
stretchable LM layer sandwiched between two TPU layers
satisfies both barrier functionality and elasticity, thereby
maintaining the stability of the components inside an LIB
placed in air. The highly deformable LIB assembled using the
GBF exhibits an excellent performance even under mechanical
deformations in ambient conditions. The highly deformable
battery can be deformed by a 50% stretching, a 90° bending,
and an approximately 25° twisting. The electrochemical
measurement of the highly deformable battery is carried out
at the original state and during a stretched state with a
stretching strain of 50%. Although its capacity drops by 50%
under the stretching state, the good performance of the battery
demonstrates its capability of working under mechanical
deformations. Moreover, the highly deformable battery can
maintain its stable operation in air for longer than 14 h.

2. EXPERIMENTAL SECTION

2.1. Materials. N-Methyl-2-pyrrolidone (NMP) from Kanto
Chemical Co., Inc., 1-butanol and hexane from Fujifilm Wako Pure
Chemical Corporation, and polystyrene-block-polybutadiene-block-
polystyrene (SBS) from Sigma-Aldrich were used. Ga and Sn
elements in the LM were purchased from Zairyo-ya.com and Nilaco
Corporation, respectively. TPU pellets (Elastollan 1180A) from BASF
Japan Ltd. were used. The key materials of the GBF are TPU and LM,
which enhance the impermeabilities.

2.2. Fabrication of the Stretchable Gas Barrier Film (GBF).
First, a base for the GBF was prepared using the TPU film. The TPU
elastomer pellets were dissolved in the NMP organic solvent, in a
weight ratio of 1.5:12, and stirred overnight. Thereafter, it was drop-
casted onto a glass substrate and heated at 80 °C for 12 h on a hot
plate. It was then placed in a vacuum oven at the same temperature
for 2 h. Second, a thin Au layer was deposited on the TPU film using
physical vapor deposition (PVD). The thickness of the Au layer was
100 nm, which was sufficient to coat the LM on it. Third, a thin layer
of the LM was coated uniformly onto the Au-deposited TPU film by a
printing method. Ga and Sn were melted and mixed in a vial at 250
°C for 30 min. Three thin layers of the LM were coated, at an interval
of 1 h, with a total thickness of approximately 10—15 pm. Lastly, the
TPU solution was again drop-casted onto the LM-coated TPU film to
seal the edges and form the final layer of the GBF, whose thickness
varied between approximately 210 and 340 pm. From a cost
perspective, the appreciable thickness of LM for realizing the
impermeability can be determined as approximately 11.23 ym. The
gas and moisture permeabilities can be sufficiently prevented by
adopting LM thicknesses of more than 4.5 and 11.23 ym, respectively.
Hence, the GBF was fabricated using a layer-by-layer method, and the
fabrication process is illustrated in Figure S1. The Au layer deposited
on the TPU film acted as an adhesion layer for easy coating of the

LM, owing to its metallic bonding. LM can be deposited onto the
TPU film directly, but because of its bad wettability, the process
becomes challenging. Figure S2 compares the TPU films with and
without the Au layer. Figure S3 shows a contact angle of 130 and 78°
between the TPU-LM and Au-LM layers, respectively.

2.3. Tensile Strength Measurement. The measurements were
conducted using Shimadzu EZ-LX tensile strength equipment. A
power scale of 10 N and a speed of 0.5 cm/min were set as the
measurement conditions. Samples of the TPU, TPU/Au, and TPU/
Au/LM films were prepared and cut into shapes of dumbbells. The
thickness of the samples varied between 199 and 274 pm.

2.4. Repeatability Measurement. The measurement was
conducted using HSC-103 three-axis motion controllers with a
single-axis stage from OptoSigma, Japan, and an Imada force
measurement gauge. The GBF was secured on the single-axis stage,
and the Imada force measurement gauge was positioned in the
targeted position of the single-axis stage for measurement. On the
HSC-103 motion controller, the measurement conditions were set
using a 50% stretching with 200 stretch—release cycles.

2.5. SEM—EDX Analysis. SEM—EDX images were observed using
a Hitachi SU8010 scanning electron microscopy and a Bruker
Quantax Esprit 1.9 X-ray spectroscopy. The accelerating voltage for
the analysis was set to 10 kV, in accordance with the X-ray
characteristics of Ga and Sn, which are higher compared to those of
Au and C. Image scale of the analysis for both surface and cross
section was 100 ym. Peaks of all elements were observed at 10 kV. A
cross section of the GBF is presented in Figure S4A.

2.6. Gas Permeation Measurement. The gas permeation values
were measured using the GTR-10XFYU gas permeation measurement
system from Yanaco Analytical Systems Inc.,, where oxygen and
helium were used as test and carrier gases, respectively. The principle
of measurement is shown in Figure SS. The GBF was placed in a test
cell chamber, and the gases, at the same pressure of 250 kPa, were
introduced. The oven and detector were set at 80 and 150 °C,
respectively, on the gas chromatograph. The flow rates of the test and
carrier gases were set to 30 and SO cc/min, respectively, and the
pressure on the gas permeation meter was set to 250 kPa. The
measurement was performed at 30 °C with an average flow rate of 44
mL/min. Measurements were conducted with these conditions set on
the equipment.

2.7. Moisture Measurement. Moisture permeations were
measured in an ESPEC SH-241 environmental chamber with
conditions set to 25 °C and 30% humidity. Five samples of the Al-
laminated film, GBF, TPU, PDMS, and Ecoflex-0030 films were
prepared. Thereafter, small vials were filled with 10 mL of water, and
the samples were secured on top of these small vials. The vials were
weighed before being placed in the environmental chamber. Then,
they were weighted every hour for 10 h. Furthermore, they were also
weighted after 24 and 72 h.

2.8. Flexible Electrodes and Gel Electrolyte Preparation.
Flexible or stretchable electrodes were prepared based on the SBS
block copolymer porous membrane, which was discussed in a
previous study.'" Once the SBS porous membrane was prepared, they
were cut to a size of 2 cmX1 cm. Thereafter, the flexible electrodes
were fabricated by spray printing a slurry solution of active materials
onto the SBS membranes. The slurry solutions constituted
Li4TiSO12 (LTO) and LiFePO4 (LFP) as the anode and cathode,
respectively, super P as the conducting carbon, and poly(vinylidene-
fluoride) (PVDF) as the binder. A weight ratio of S:4:1 was
maintained. Metal tabs were attached to the flexible electrodes by a
conductive paste that was prepared by mixing super P, hexane, and
Ecoflex-0030 in a weight ratio of 1:25:10. This was done to eliminate
disconnections or weak connections between the electrodes and tabs.

The gel electrolyte was prepared using poly(vinylidene fluoride)—
hexafluoropropylene (PVDF—HFP) as the polymer matrix and
[Li(G4)] [TESI] as the electrolyte.'> First, the PVDF—HFP was
dissolved in acetone and the liquid electrolyte was mixed with acetone
in a weight ratio of 1:6 and 1:1, respectively, followed by a 15 min stir.
Thereafter, the solutions were mixed together and stirred for 15—20
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Figure 1. Stretchable GBF using liquid metal for a highly deformable battery. (A) Schematics of the stretchable GBF composed of LM, Au, and
TPU layers and the highly deformable battery. Photographs of the highly deformable battery using the stretchable GBF. The highly deformable
battery, which comprises of stretchable components, was deformed from (B) the original state by (C) bending, (D) twisting, and (E) stretching.

min. Subsequently, the mixture was poured into a Petri dish and
stored in a dry box overnight to form the gel electrolyte.

2.9. Fabrication and Electrochemical Characteristics of a
Highly Deformable Battery. Fabrication of the highly deformable
battery was relatively easy. The metal tabs were attached to the
electrodes by a conductive paste, and the gel electrolyte was placed
between the two electrodes to act as an electrolyte and a separator.
After placing the electrodes on the GBF, both sides were sealed. One
hundred and fifty microliters of the liquid electrolyte was added to
strengthen the wettability before vacuum sealing and completing the
fabrication process. The fabrication process was carried out in a dry
room. Charge—discharge measurements on the highly deformable
battery were conducted using the Biologic-BT Lab electrochemical
instrument, with a cutoff voltage of 1—-2.5 V at 30 °C, and the cycling
behavior of the highly deformable battery was evaluated. The
stretchable electrodes were assembled as a coin cell, and its capacity
was realized to be approximately 37 mAh/g, as shown in Figure S8A.
Impedance measurement of the highly deformable battery was
performed, as shown in Figure S9, and the resistances evaluated at
the original and stretching states were approximately 300 and 650 Q,
respectively. These measurements were conducted before the charge—
discharge measurement, in the frequency range of 10 mHz to 10 kHz,
with an amplitude of 10 mV. The resistance increased by 2 times at a
stretching state of 50% due to an increase in the ionic resistance of the
porous and stretchable electrodes.

3. RESULTS AND DISCUSSION

Figure 1 shows the schematic of the stretchable gas barrier film
(GBF), and photographs of the highly deformable battery
developed using the GBF under various mechanical
deformations, including bending, twisting, and stretching.
The stretchable GBF was fabricated using a layer-by-layer
method, as seen in Figures 1A and S1. A thin layer of the LM
was print-coated on the TPU substrate film and sealed by the
TPU solution from the top. This method was beneficial, as it
enabled various deformations unlike in Al-laminated films. The
stretchability of the proposed GBF was better than that of the
Al-Jaminated film. The highly deformable battery packaged in
the proposed GBF was capable of working under various
mechanical deformations. The thin Au layer deposited under
the LM layer improved the wettability of the LM on the
surface of the TPU film."? Figure S2A,B compares the two LM-

coated TPU films, without and with the thin Au layer,
respectively. As the LM formed a good connection by alloying
with other metals, the smooth surface of the substrate
improved the adhesion property or wettability of the LM."
Although the wettability of the LM could be improved by
alloying, there were metals that could not be used for the LM
deposition. According to the contact angles measured, as
shown in Figure S3, Au and Cu had excellent wettability for
easy LM deposition, in contrast to Ni and Sn, with which the
LM could not be deposited properly. Similarly, the LM had a
weak wettability on the TPU film. However, for experimenta-
tion, the LM was deposited onto the TPU film directly. A high
gas impermeability was observed even with the pinhole
coating, as shown in Figure S12. The LM prevents gas
permeation due to its metallic nature. Metallic materials are
known to show very low gas permeation properties that are
attributable to strong metallic bonding. The strong interatomic
interaction results in a high boiling point and surface tension of
the metals. The LM has a surface tension of approximately 700
mN/m, which is similar to that of Al used in Al-laminated films
and more than an order of magnitude higher than that of
organic materials.'”'> Therefore, the LM intrinsically shows
low gas permeability like typical metallic solids. The surface
oxide layer of the LM, which is a thin layer of Ga,0; formed by
exposure to air, also plays a role in gas impermeability of the
proposed stretchable packaging film. A thin film of metal oxide
itself has the potential to serve as a gas barrier layer similar to
the atomic layer of deposited aluminum oxide (Al,O;) on
polymer films.'® This serves as an alternative to the metallized
plastic packaging film. Similarly, the high gas barrier properties
of the LM may be due to the thin layer of Ga,O; on its surface.
The GBF was tested by assembling a highly deformable
battery, which was fabricated by wrapping the cathode and
anode electrodes, and the gel electrolyte in the GBF. The
fabrication process of the highly deformable battery was
relatively easy compared to that of other deformable batteries,
with external designs that may require a complicated
fabrication process.
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Figure 2. Mechanical properties of the stretchable gas barrier film. SEM—EDX images of the film surface (A) without stretching and (B) with
stretching by 50%. (C) Stress—strain curve of TPU, TPU/Au, and GBF. (D) Repeatability tests of 200 cycles at a S0% strain.

3.1. Material Property. To characterize the behavior of
the thin LM layer during stretching at a 50% tensile strain, the
surface condition was analyzed using scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDX). The SEM—EDX analysis of the surface was performed
to check for any disconnections formed during the stretching
of the LM layer. As can be seen in Figure 2A,B, no cracks or
breaks in the LM layer, which covered the entire surface of the
TPU substrate film during stretching, were observed. This was
confirmed by quantifying the material elements before
(nonstretched state) and while stretching (stretched state).
The detected quantity of Ga, one of the main components in
the LM, was approximately more than 60% for both states,
whereas the quantity of C, often detected on the TPU
substrate film, was approximately 6% for both states. The
quantity of C can be considered zero because it was negligible.
Moreover, it is almost impossible not to detect C during the
SEM—EDX because C can be detected even in materials that
do not contain C. Although the thin Au layer on the TPU
substrate film was cracked during stretching, as shown in
Figure S4C,D, no impact was observed on the LM layer.'”'*
LM is known to be suitable for deformable or stretchable
applications because of its ability to remain in the liquid state
at room temperature. LM deposited on several elastomer
materials, such as the TPU, PVDF—HFP, SEBS (styrene—
ethylene—butylene—styrene thermoplastic polyurethane),
PDMS, and Ecoflex films, was developed.lg_21 A maximum
mechanical strain functionality of 1000% could be reached for
the LM; however, the strain was dependent on the substrate
materials."” ™' The mechanical strains of the TPU, TPU film
coated with a thin Au layer (TPU/Au), and TPU coated with
thin layers of Au and LM (TPU/Au/LM) or the proposed

stretchable GBF varied in the range of 500—900%, depending
on the depositions. The stress—strain curves of the three films
are compared in Figure 2C. It is observed that the strain of the
GBF was reduced approximately by 42%, while maintaining
the same stress, when compared to that of the TPU and TPU/
Au films with a thickness of approximately 220 pm. The
stiffness effect of the LM inclusions may have lowered the
strain.”> However, no cracks on the TPU, TPU/Au, and GBF
were observed during the tensile strength measurement. Thus,
the TPU film is considered to have a higher robustness when
compared to the PDMS and Ecoflex-0030 films, which are
more commonly used in stretchable or flexible film fabrication.
Tensile strength measurement was conducted on the Au- and
LM-coated PDMS and Ecoflex-0030. PDMS coated with thin
layers of Au and LM (PDMS/Au/LM) was stretched to a
maximum strain of 141% with Young’s modulus of 24 kPa,
whereas Ecoflex-0030 coated with thin layers of Au and LM
(Ecoflex-0030/Au/LM) showed a maximum strain of 332%
with Young’s modulus of 880 Pa. Young’s modulus of the GBF
was calculated as 22 kPa at a maximum strain of 517%. Thus,
the GBF had a higher strain with a low modulus compared to
the Ecoflex-0030- and PDMS-based films.

To further investigate the robustness of the GBF, a
repeatability test was conducted under a 50% strain with 200
stretch—release cycles, illustrated in Figure 2D. The force
required for a 50% stretching was 5 N for each stretch—release
cycle. Despite the 200 stretch—release cycles, no visible
changes were observed in the GBF. Thus, the number of
stretch—release cycles can exceed 200 because of the
robustness and stretchability of the GBF.

TPU is an elastomer with high tensile strength, high
elasticity, and low crystallinity. It consists of two segments, a
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Figure 3. Gas and moisture permeabilities of the films. The gas transmission rate of the TPU, TPU/Au, GBF, and Al-laminated films during the
(A) nonstretching state, (B) stretching state, and (C) after up to 200 stretch—release cycles. (D) Moisture permeation comparison among the

stretchable GBF, TPU, PDMS, Ecoflex-0030, and Al-laminated films.

hard and a soft segment. The hard segments are
interconnected throughout the soft segments, and they help
maintain dimensional stability. Thus, the mechanical deforma-
tion of TPU can change depending on its composition as it is a
high-quality material combining high elasticity with hard-
ness.”>** As the hardness of TPU increases, its mechanical
stress increases, but its mechanical strain decreases.”> Soft
segmented TPU can be stretched to more than 1000% strain at
S MPa,*® and waterborne PU can be stretched from
approximately 800% to more than 1000% strain at 3 MPa.”’
However, hard segmented TPU can be stretched by less than
270% at 20 MPa™ and glass-fiber-reinforced PU can only be
stretched to 0.012 ym/m at 300 MPa.”” The PU used in this
study can be categorized as a TPU with a hardness of 80 on the
shore A scale. The soft segmented PUs exhibited a mechanical
strain of approximately 550% and 570% with rapidly increasing
mechanical stress of 32 MPa and 15 MPa, respectively.’
3.2. Gas Permeation Measurement. The gas barrier
properties of the TPU and TPU-based films (TPU/Au and
GBF) were investigated using oxygen, and the results are
shown in Figure 3. The thickness of the films varied between
200 and 330 ym. The oxygen transmission rates (OTRs) of the
films were measured using a gas chromatograph. The
stretchable GBF showed an excellent barrier performance of
0 cc/m*/24 h/atm OTR in both nonstretched and stretched
conditions. The OTR of Al-laminated film, usually used as a
packaging material for pouch cell batteries, is shown in Figure
3A. The same quantity of gas permeation (0 cc/m?*/24 h/atm)
was measured in the Al-laminated film. In the nonstretched
condition, the TPU/Au film exhibited a better result of 774
cc/m?/24 h/atm, which was smaller by a factor of

approximately 84%, when compared to the TPU film (4998
cc/m?/24 h/atm). In the stretched condition, the gas
permeation in the TPU/Au film was approximately 51% lesser
(2661 cc/m?*/24 h/atm) than in the TPU film (5513 cc/m?/
24 h/atm), as shown in Figure 3A,B. Moreover, the OTR
values of the TPU, TPU/Au, and GBF were measured after
stretch—release cycles of 1, 10, 50, 100, 150, and 200, as shown
in Figure 3C. At the mechanical strain of 50%, the TPU/Au
film presented a lower gas permeation than the TPU film for all
stretch—release cycles. As the number of stretch—release cycles
increased, the gas permeation through the films increased
owing to the plasticity of the TPU film. However, there were
cases where the gas permeation decreased over the stretch—
release cycles as the gas permeation area of the films differed.
Furthermore, the gas permeation rates of the TPU film, TPU/
Au film, and GBF were compared to those of PDMS and
Ecoflex-0030 films by measuring gas permeation rates of
PDMS and Ecoflex-0030 films on stretch—release cycles. The
outcomes of these measurements are illustrated in Figure S6.
The thicknesses of the PDMS and Ecoflex-0030 films coated
with Au and LM layers were between 200 and 420 um,
respectively. The Ecoflex-0030/Au/LM/Ecoflex-0030 film
showed a higher OTR than the PDMS/Au/LM/PDMS film.
Notably, the gas permeation was significantly reduced when
the LM was coated on the substrate films. Additionally, the gas
permeation rate measurement was also conducted using
nitrogen gas on the TPU film, TPU/Au film, and the GBF
for nonstretched and stretched states and after stretch—release
cycles, shown in Figure S7. The GBF exhibited similar results
for the three states as those obtained using oxygen, which was
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Figure 4. Comparison of gas permeation and stretchability in other stretchable GBFs with that in the proposed stretchable GBF. The proposed
stretchable GBF shows a higher gas impermeability with good stretchability than that in other stretchable GBFs.
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Figure 5. Characteristics of a highly deformable battery. Charge—discharge curve specifying the specific capacity in (A) the original state and (B)
50% stretched state. (C) Decrease in potential over time under ambient conditions.

“0 cc/m%/24 h/atm”. Thus, the measured OTR values of the
stretchable GBF indicate excellent performance.

Moisture permeation of the GBF, Al-laminated film, which is
specially made for Li-ion batteries, TPU film, PDMS, and
Ecoflex-0030 films was measured. The Al-laminated film had
the lowest moisture permeation of approximately zero,
followed by the GBF. Unlike the Al-laminated film, the GBF
could not prevent moisture permeation completely though it
was significantly suppressed when compared with moisture
permeation of the TPU, PDMS, and Ecoflex-0030 films.
Determining the high moisture impermeability of stretchable
GBEF is difficult, even though its capability to resist moisture
was proven because moisture permeation in the stretchable
GBF slightly increased over time. Moreover, moisture
permeation measurement was conducted on the stretchable
GBF with different LM thicknesses of 4.5, 11.23, 19.4, and 31.7
pm, as shown in Figure S13. The moisture permeation can be
sufficiently prevented with an LM thickness of 11.23 pm or
more. However, the LM with a thickness of approximately 20
p#m becomes unstable and may lead to leakage, which can be
disruptive to the fabrication of the highly deformable battery.
The moisture permeation of the GBF may have been affected
by a change in the oxide layer formed on the outer surface of
the LM owing to air exposure. Studies show that when water
meets the LM, it breaks the Ga,O; oxide layer formed by air
exposure and a new oxide layer of GaOOH with a fresh LM is
again formed.*' —** During the moisture permeation measure-
ment, there was an excess of water above the normal
atmosphere. Thus, excess water may have decreased the

yielded stress and storage modulus of the oxide layer and also
weakened the LM.

In Figure 4, stretchable GBFs from other studies are
compared with that proposed in this study. A layer-by-layer
method was used to fabricate these stretchable GBFs.

According to the existing literature,>>~**

gas permeation can
be reduced by increasing the number of layers. Mostly,
polyethylene oxide, polyacrylic acid, graphene oxide (GO),
polyethylenimine, and montmorillonite clay platelets were
utilized to build the GBF layers, which varied up to 60 layers.
Stretchable GBFs based on the PU rubber substrate are also
available, where 10—30 multilayers are deposited on a 1 mm
thick PU rubber film. Compared to the PU substrate film, the
gas permeation was reduced by 46, 7, and 15 times at strains of
20, 25, and 50%, respectively.””™*” Similarly, 40 bilayers
deposited on a 1.6 mm thick natural rubber substrate aided the
reduction by up to 29 times, at an average strain of 100%,
when compared to a bare substrate film.**~*° The multilayered
film using PU and GO platelets exhibited an 80% reduction of
gas permeation when compared to that in polyethylene-
terephthalate substrate film.*" Thus, clay platelets reduce gas
permeation. The clay platelet films with 30 multilayers
managed to reduce gas permeation by 15 times when
compared to that by the bare PDMS/Ecoflex substrate
film.**** Moreover, thinner GBF with a thickness of 35 nm,
based on polyamide 2,3 and hafnium oxide (HfO2), was
fabricated by atomic and molecular layer deposition. It
presented a 4.2 cc/m?/24 h He-gas permeation rate at a strain
of 10%."*
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Figure 6. Demonstration of a highly deformable battery powering LED in air when in the (A) original state (no deformation) and under
mechanical deformations, such as (B) 90° bending, (C) approximately 25° twisting, and (D) stretching by a 50% strain.

The gas permeation reduction rate is affected not only by
the number of layers but also by the materials and fabrication
methods adopted. As shown in Figure 4, when stretchability
increases, gas permeation increases. The stretchability of the
GBF was limited to 10% for lower gas permeations. However,
the proposed stretchable GBF was able to prevent gas
permeation completely at a strain of 50%. Thus, stretchability
can be increased by over 50%.

3.3. Characteristics of the Highly Deformable Battery.
The proposed GBF was demonstrated by fabricating a highly
deformable battery based on stretchable LTO/LFP electrodes.
As the TPU film was used to completely seal the LM, no LM
leakage from the GBF was observed that could induce a short
circuit of the highly deformable battery. Figure SA,B illustrates
the electrochemical characteristics of the highly deformable
battery by conducting a charge—discharge measurement. The
fabricated highly deformable battery maintained a potential of
1.8 V, with and without deformation. It delivered a capacity of
approximately 50 and 25 mAh/g in the original state and 50%
stretched state, respectively. When the battery was stretched
throughout the measurement, its capacity decreased by 50%.
The capacity and cycle performance of the battery were lower
than the theoretical value and result in other reported LTO/
LEP batteries,” possibly due to the high internal resistance
and low utilization of active materials in the SBS-based
stretchable electrodes. An electrochemical measurement was
conducted on the half-cells based on LFP- and LTO-
stretchable electrodes, and their capacity was measured as
approximately 145 and 160 mAh/g, respectively. On average,
the Coulombic efficiencies of the LFP and LTO electrodes
were 90 and 100%, respectively, as shown in Figure S10. The
lower Coulombic efficiency of the LFP electrode was probably
due to the oxidative decomposition of the unsaturated C=C
groups of polybutadiene-blocks in the SBS. Thus, the
Coulombic efficiency of the battery as a full cell was low at
the beginning, and from the 4th cycle onwards, it stabilized at
80%, as shown in Figure S1 1B.***” The reported stretchable or
flexible batteries differed in their outer shapes or designs, such
as wavy, foldable, and fiberlike, selection of active materials,
and stretchability. However, their capacities were stable even
under strain. The capacity of the deformable batteries dropped

to approximately 20%, from the initial capacity, when a
mechanical stress was applied.**™>® Thus, stretchability was
limited by battery designs. The accordion-like,** kirigami,*’
arched structure,” origami,”’ and wire-shaped®” stretchable
lithium-ion batteries presented a stable capacity of approx-
imately 130—150 mAh/g under stretchability in the range of
8—400%. The battery, using LTO/LFP as active materials with
a simple design, delivered a capacity of approximately 130
mAh/g under an 80% strain and up to 500 stretch—release
cycles.”® Similarly, a stretchable battery, using the same active
materials, delivered a capacity of 120 mAh/g and approx-
imately 118 mAh/g before and after 50% strain, respectively.
The battery capacity was reduced by 1.6% after stretching."
Other than the outer design of the stretchable battery, its inner
components must be flexible and should maintain a stable
operation. The process of lithium (Li) plating and stripping in
a battery is essential for its stability. For stable Li plating and
stripping, polymer electrolytes based on the TPU and anode
electrodes based on lithium polyacrylic acid were developed,
which satisfied both stable cycling performance and good
flexibility. A stable operation can also be ensured by adding a
protective and water-proof layer on the Li metal anode surface
to avoid dendrite growth and corrosion.”” >’

The SBS-based stretchable electrodes can be further
optimized for practical use. However, for this study, the
performance of the fabricated highly deformable battery was
sufficient for analyzing the properties of the stretchable GBF. A
galvanostatic discharge experiment was performed in air.
Figure SC illustrates the outcome of the galvanostatic
discharge experiment conducted on the fabricated highly
deformable batteries packaged using the GBF and a bare TPU
film. Evidently, the fabricated battery packaged using the bare
TPU film only (TPU cell) worked inside an argon gas-filled
glovebox and not in air. A constant potential was maintained
throughout when operated inside the argon gas-filled glovebox.
By maintaining a constant potential for over 14 h, the
fabricated highly deformable battery packaged using the GBF
demonstrated a better operation in air than that of the battery
packaged using the bare TPU film. However, the potential
gradually dropped after 16 h, possibly due to moisture
permeation through the GBF, as GBF cannot be protected
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from the moisture completely, as shown in Figure 3D. These
results indicate that the GBF requires further improvement for
its long-term use in air. Nevertheless, the proposed LM-coated
GBF can serve as a packaging material solution to overcome
the current limitations in deformable batteries.

Additionally, a red light-emitting diode (LED) was powered
by the fabricated highly deformable battery in air under
mechanical deformations, including bending, twisting, and
stretching, as shown in Figure 6. The highly deformable battery
maintained a constant potential of 1.8 V, while the LED was
successfully lighted during the bending (Video S1), twisting
(Video S2), and stretching (Video S3) states by approximately
90°, 25° and 50% strain, respectively. Thus, the fabricated
highly deformable battery is capable of powering actual devices
that require stretchability or flexibility.

4. CONCLUSIONS

In this study, a stretchable LM-based packaging film with
excellent gas and moisture impermeability is developed using a
simple layer-by-layer method. The gas permeation of the
stretchable packaging film (GBF) was measured to be 0 cc/
m?/24 h/atm, while moisture permeation was approximately
zero. The highly deformable battery, fabricated using the
proposed packaging film, presents excellent operational
stability in air even for small durations, although its capacity
is not favorable because of the battery functionality. Owing to
its low moisture permeation, the stretchable GBF is not suited
for the reliable storage of highly deformable batteries. The
stretchable GBF can be further improved to enhance its
moisture protection ability by modifying the constituent
materials. In addition, further improvements to stabilize the
performance of the highly deformable battery, even under
deformation, can be done by developing materials for its
constituent parts. However, the findings of this study indicate
the potential usage of highly deformable batteries, which have
a high energy density, high working voltage, and long-term
stability, in realizing good stretchable and flexible devices,
without using the bulky batteries that are currently trending.
The proposed stretchable packaging film is more beneficial
than the Al-laminated film, which is often used in bulk
batteries, for wearable electronic devices because of its
flexibility and easy deformability. This work is among the
first few studies conducted on a combination of a highly
deformable battery, which can be used in the air, and

stretchable packaging film.
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