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based on an ionic liquid and epoxy-triblock diamine
networkf
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Despite significant advances in the development of flexible gel polymer electrolytes (GPEs), there are still
problems to be addressed to apply them to flexible electric double layer capacitors (EDLCs), including
interfacial interactions between the electrolyte and electrode under deformation. Previously reported EDLCs
using GPEs have laminated structures with weak interfacial interactions between the electrode and
electrolyte, leading to fragility upon elongation and low power density due to lower utilization of the surface
area of the carbon material in the electrode. To overcome these problems, we present a new strategy for
constructing an epoxy-based GPE that can provide strong adhesion between electrode and electrolyte. The
GPE is synthesized by polymerization of epoxy and an ionic liquid. This GPE shows high flexibility up to
509% and excellent adhesive properties that enable strong chemical bonding between the electrode and
electrolyte. Moreover, the GPE is stable at high voltage and high temperature with high ionic conductivity of
~107% S cm™. EDLCs based on the developed GPE exhibit good compatibility between the electrode and
electrolyte and work properly when deformed. The EDLCs also show a high specific capacitance of 99 F
g™, energy density of 113 W h kg™%, and power density of 4.5 kW g*. The excellent performance of the
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Introduction

Recent advances in mobile and miniaturized electronics'™* have
promoted the development of flexible and deformable power
supplies that are both robust and sustainable. Among various
energy storage devices, electric double-layer capacitors (EDLCs)®
have been considered as promising candidates because of their
high power density and excellent reliability in a wide tempera-
ture range. When EDLCs are applied in a flexible device, the
device has to work properly during deformation. However,
typical liquid electrolyte-based EDLCs suffer from safety issues
such as leakage and volatility of electrolyte when deformed. On
the other hand, solid electrolytes offer a simple strategy to
fabricate safe and inexpensive packing. Especially, gel polymer
electrolyte (GPE) has been recognized as a compelling alterna-
tive, showing reasonable ionic conductivity despite great flexi-
bility that can be seen in its stretchable, bendable, foldable and
even twistable properties.
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GPE gives it tremendous potential for use in next generation electronic devices such as wearable devices.

GPE is composed of a polymer host such as poly(vinyl alco-
hol)(PVA),*>* poly(methylmethacrylate) (PMMA),"*** polyacrylic
acid (PAA),"' poly(vinylidene fluoride) (PVDF)'**¢ with salt, and
a solvent such as an aqueous solvent,"”*® organic solvent'** or
ionic liquid.*** These solvents are responsible for the ion
conductivity and operating voltage window of the GPE. Among
them, ionic liquids have a number of advantages including non-
volatility, non-flammability, and wide electrochemical stability
window.* Combinations of ionic liquids and polymers have been
proposed recently because of their high electrochemical stability
over a wide voltage window. These characteristics lead to high
energy density than the organic and aqueous solvent.>*>*

Typically, used for flexible EDLC, GPEs in thin film shape are
placed independently between two electrodes.”” The electrical
energy of the EDLCs is stored through the separation of charged
substances in an electrochemical double layer across the interface
between the electrode and electrolyte. In order to obtain higher
energy density of EDLC, especially for flexible electronics, one of
the necessary requirements is an electrolyte that can make full use
of the surface areas of carbon materials. EDLCs including typical
GPEs cannot utilize all available carbon materials. This problem
can be solved by using a liquid state GPE before polymerization.
Liquid state GPEs can contact all of carbon materials, even inside
the electrode; then, the GPE is polymerized between the two
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electrodes. However, there is another problem with this EDLC; its
components such as electrolyte or electrode are prone to detach-
ment when the cell is twisted or bent. As a result of deformation,
the device does not work as ion path way is unavailable. Therefore,
GPE for flexible EDLC is required to exhibit not only flexibility but
also adhesion, so as to promote interaction between electrode and
electrolyte. This is possible with the introduction of a polymer that
exhibits adhesive properties such as an epoxy.

In this work, we demonstrate the synthesis of a stretchable
and adhesive GPE for flexible EDLCs by introduction epoxy and
an ionic liquid. Because of polymerization with the ionic liquid,
the developed GPE has high ionic conductivity and electro-
chemical stability. The epoxy we used contains amine termi-
nated poly ethylene oxide (PEO) copolymer; the long PEO chain
imparts great flexibility and the resulting GPE becomes highly
stretchable and flexible. In addition, the epoxy added to GPE
yields an adhesive property that maintains contact between
electrolyte and electrode under cell deformation. Finally, great
electrochemical performance is demonstrated in cells assem-
bled with the developed GPE under deformation.

Experimental

Materials

Diglycidyl ether of bisphenol A (DGEBA, M,, = 184 g mol *, Kukdo
chemical, Korea), 0,0"-bis (2-aminopropyl) polypropylene glycol-
block-polyethylene glycol-block-polypropylene glycol (Jeffamine
ED-2003, M,, = 1900 g mol ', Jeffamine ED-900 M, = 900 g
mol ', Sigma-Aldrich, Korea), and triethylenetetramine (TETA,
M,, = 146 g mol ', Sigma-Aldrich, Korea) are used for the polymer
matrix. 1-Ethyl-3-methylimidazoliumbis (trifluoromethylsulfonyl)
imide (EMIMTFSI, M,, = 391 g mol ', Sigma-Aldrich, Korea) was
prepared as both ion conductor and solvent. For the EDLCs, the
active material of the electrode is a mixture of 80 wt% activated
carbon (AC) powder with a surface area of 2000 m> g~ ' (MTI
Korea, Korea), 15 wt% conductive carbon with a surface area of 62
m® g~ (MTI Korea, Korea) and 5% carboxymethyl cellulose (CMC,
MTI Korea, Korea) powder.

Preparation of epoxy

For the polymer matrix of GPE, epoxy solution was prepared as
a mixture of DGEBA, Jeffamine, and TETA. Three types of GPE
were fabricated and given denotation of GPE-1, GPE-2 and GPE-
3. We mainly dealt with GPE-3; the others were fabricated for
comparison of ionic conductivity and the mechanical property.
The ratio of DGEBA, Jeffamine ED-900, Jeffamine ED-2003, and
TETA for GPE-3 is 1:1.5:X:0.18. For analysis of the
mechanical property according to the amount of Jeffamine ED-
2003, X (the amount of Jeffamine ED-2003) had values of 1.5,
1.6, 1.7, and 1.8. Otherwise, X was fixed at 1.8. Since Jeffamine
ED-2003 is in a solid state at room temperature, it was first
added to DGEBA and stirred at 60 °C until solution became
homogeneous. For this, Jeffamine ED-900 and TETA were dis-
solved and stirred for 2 h at RT and then vacuum filtered. The
epoxy solution for GPE-1 is a mixture of DGEBA and Jeffamine
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ED-900 (1:2). The epoxy solution for GPE-2 is a mixture of
DGEBA, Jeffamine ED2003 and TETA (1 : 3 : 0.18).

Preparation of gel polymer electrolyte (GPE)

The ionic liquid EMImMTFSI was added to the epoxy solution and
mixture was stirred using a mechanical stirrer until it became
a clear homogenous solution. To optimize the ratio between the
epoxy and EMImMTFSI, various weight percentages of EMImTFSI
to total GPE solution were added. Then, these viscous solutions
were poured into silicon dishes and cured at 130 °C for 4 h.
Finally, the film shape of GPE was obtained.

Preparation of electrode and fabrication of EDLC

The carbon slurry of electrode material for EDLC is a mixture of
AC, CC, and binder CMC powder of which the weight ratio is
8:1.5:0.5; this material is dissolved in water and constantly
mixed until becoming a homogeneous slurry. Subsequently,
using doctor blade, the slurry was cast on an aluminum foil
current collector. The obtained electrode was dried under
vacuum at 80 °C overnight to eliminate moisture effects. To
fabricate the EDLCs, a GPE-3 solution before curing and
nonwoven glass fiber (separator) was sandwiched between two
electrodes and device layer were pressed together. Then,
chemically bonded EDLC was fabricated by curing of GPE
between two electrodes at 130 °C for 4 h.

Measurement

For analysis of chemical structure, Fourier transformation infra-
red (FTIR) spectra were obtained using a Nicolet i5S10 FTIR spec-
trometer (Thermo Scientific) with diamond attenuated total
reflectance (ATR). The crystalline phases were analyzed using an X-
ray diffractometer (XRD, Rigaku D/MAX 2500VL) in 10-40° angle
range with Cu Ko radiation. Using broadband dielectric relaxation
spectroscopy (DRS, Novocontrol GmbH concept 40), the ionic
conductivity of the electrolytes was measured in a temperature
range of —50 °C to 120 °C in a frequency range of 1 Hz to 100 Hz
under nitrogen atmosphere. For this measurement, a thin film
shaped sample was sandwiched between top brass electrode
(10 mm diameter) and bottom brass electrode (30 mm diameter).
The mechanical test was carried out on a universal testing
machine (UTM, Instron 3344) with 5 N load cell at a stretching
speed of 100% min~". Adhesion test was performed with an ASTM
D3359. Cyclic voltammetry (CV) and galvanostatic charge
discharge (GCD) were performed using a VSP300 of Bio-Logic
Science Instruments in two-electrode configuration. CV curves of
the EDLCs were draw at a scan rate of 20 to 100 mV s ' in
a potential window from 0 to 3 V. The GCD test was conducted at
constant current densities of 0.2 Ag ' to 2 A g™ .

Results and discussion

Physicochemical characterization of the gel polymer
electrolyte

Epoxy as a polymer matrix of GPE is formed by a simple
crosslinking reaction of the epoxide ring and amine group
called curing as illustrated in Fig. 1. One of the common epoxy
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Fig. 1 Illustration of (a) synthetic procedure for preparation of GPE-3 through solution casting; (b) polymerization procedure of GPE-3 from

reaction between DEGBA and Jeffamine.

resins, DGEBA, has various properties such as high toughness,
high temperature stability, chemical resistance, and adhesion.
These properties make the electrolyte work properly under
difficult conditions.”® Amines are known as the most common
curing agent; the epoxy-amine network can control the cross-
linking density or the chemical structure by tuning the network
architecture.”*=* Steric restrictions at crosslinking points affect
the packing of chains and increase the free volume character-
istics of the epoxy-amine networks.*»** Therefore, the flexible
gel structure of GPE can be formed by introduction of a high
molecular amine with long polymer chains.**

By adding the amine-terminated polyethylene oxide (PEO)
copolymer called Jeffamine, we designed a flexible GPE.
Because various types of Jeffamine exist according to the
molecular weight of PEO, we introduced a double network using
two different types of Jeffamine to synthesize a stretchable GPE
for flexible EDLCs. Polymer networks with relatively short and
long polymer chains controlled mechanical properties of GPE.
Jeffamine ED-2003 containing long PEO chain contribute to
flexibility of GPE. Jeffamine ED-900 with short PEO chain
enhance the fracture energy by dissipating mechanical energy.
The first reaction of the curing step occurred between DGEBA
and TETA due to their low reaction temperature, as shown in
Fig. 1. Adding TETA can lead to high crosslinking density
leading to high strength.** However, most of the DGEBA reacted
with Jeffamine because of its large quantity as a curing agent.
Therefore, Jeffamine is responsible for the vast majority of the
physicochemical properties of GPE. Jeffamine is an amine-
terminated PEO copolymer. Amines that terminated in Jeff-
amine react with DEGBA to produce crosslinking points and
long PEO chains of synthesized electrolytes, to which Jeffamine
contributes flexibility. Also, because ionic liquids have good

This journal is © The Royal Society of Chemistry 2020

compatibility with Jeffamine, ionic liquid exist homogeneously
in the polymer matrix. The resulting GPE, based on ionic liquid
and epoxy derived from Jeffamine, make it possible to take
advantage of the properties of the both materials.*® The GPE-3
film formed by the solution casting method was flexible and
transparent, as shown in Fig. 1(a).

Fig. 2 shows the ATR-FTIR characteristic peak of monomers
and crosslinked GPE. CH,(N)/CH;3(N) symmetric and asym-
metric stretching in EMImTFSI corresponded to the peak at
1570 em ™', which was shifted to 1578 cm™* for GPE-1, GPE-2,
and GPE-3; the vibration of the [EMIm]" cation peak was
indicative of the high degree of freedom of the ions of the
GPEs.”” The formation of a crosslinked structure can be
confirmed in Fig. 2(b). The peak at 913 cm ™" corresponded to
the epoxide group, but disappeared after the reaction of DGEBA
and Jeffamine.*® Thus, it can be concluded that epoxide groups
reacted with amines through the ring opening reaction, indi-
cating the successful completion of the crosslinking reaction.
To investigate structural changes when EMImTFSI was added to
the GPE, X-ray diffraction (XRD) characterization was per-
formed with results shown in Fig. 2(d). The semi-crystallinity of
PEO, which was the result of the addition of Jeffamine ED-2003,
corresponded to the peaks at 26 = 19.5° and 23.75° as shown in
Fig. 2(c). The epoxy (GPE without EMImTFSI) shows a broad-
ened band because of its low crystallinity. When EMImTFSI was
added to the epoxy solution, the peak at 260 = 13° appeared due
to movement of the polymer chains. EMImTFSI is placed
between polymer chains, causing movement of the PEO chains
and modification of the structure of the epoxy to GPE-3. These
results confirm that the added EMImTFSI is homogeneously
distributed in the polymer host.

RSC Adv, 2020, 10, 18945-18952 | 18947
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Fig.2 FTIR spectra of (a) GPE-1, GPE-2 and GPE-3. (b) Uncured and cured GPE-3 in wavenumber regions from 3500 cm ™~ to 700 cm™* (c) XRD
patterns of the Jeffamine ED-2003, Jeffamine ED-900, and DEGBA; (d) epoxy (GPE-3 without EMImTFSI) and GPE-3.

Ionic conductivity of GPE

The high ionic conductivity of the GPE originates from EMImTFSI
trapped in the polymer matrix. Therefore, in order to determine
the optimum contents of EMIMTFSI in GPE-3, we investigated the
ionic conductivity of GPE films with various contents of
EMIMTFSL. Fig. 3(a) shows the temperature dependence of the
ionic conductivity of the GPEs from —50 °C to 120 °C. The ionic
conductivity increased with increasing EMIMTFSI loading from
50 to 80 wt%, following the Arrhenius equation (ie., a linear
relationship between log (¢) and 1/7), eqn (1):

og=2a" exp(:;f) &Y

where ¢° is the pre-exponential factor, E, is the activation energy, k
is the Boltzmann constant and T is the temperature in kelvin. E,
values of GPE-1, GPE-2 and GPE-3 are 0.42 eV, 0.39 eV and 0.40 eV,
respectively. The long PEG chain reduces the energy barrier of ion
transfer which influence to activation energy. The result for GPE
containing 80 wt% EMImTFSI is excluded because epoxies cannot
trap all of the EMIMTFSI, eventually gel shape no longer forms.
Therefore, because it has the highest ionic conductivity, GPE with
70 wt% EMImTFSI is used for further study.

All results for ionic conductivity of GPE show similar tenden-
cies with increasing temperature, as shown in Fig. 3(a). This
means that phase transition and decomposition did not take place
within this temperature range.** Thermal stability of GPE is also

18948 | RSC Adv, 2020, 10, 18945-18952

indicated by its decomposition temperature of 265 °C, determined
by TGA and shown in Fig. S1.7 This excellent thermal stability is
a key factor in the safety of EDLCs. At 25 °C, the measured ion
conductivity of GPE-3 containing 70 wt% EMImTFSI was approx-
imately 1.2 x 10”3 S em™". This value is comparable to that of neat
EMImTEFSI (3.4 x 10 S ecm™ ). Ionic conductivity values of GPE-1,
GPE-2 and GPE-3 showed very little difference, as can be seen in
Fig. 3(b). In the case of GPE-2, each crosslinking points are spaced
out by long PEO chain of Jeffamine ED-2003. As a result, there is
less obstruction than in the others and this leads to high ionic
conductivity. Therefore, the ionic conductivity value of GPE-2 is
slightly higher than that of GPE-3. However, the difference in value
of GPEs using Jeffamine ED-2003 is negligible as the ionic
conductivities of GPE-3 and GPE-2 are 1.2 x 10 >scm™ " and 1.8 x
1072 s em ™%, both of which make these materials suitable for use
as electrolytes. However, the studies of the mechanical property of
GPE-1, GPE-2, and GPE-3 offered conflicting results.

Mechanical property of GPE

The mechanical property of the prepared GPE was characterized
as shown in Fig. 4. One-pot synthesis of GPE with Jeffamine ED-
2003 and ED-900 improved the mechanical property by intro-
ducing a flexible segment into the hard segment. GPE-3 has
a better maximum strain than GPE-1 and a better tensile strength
than GPE-2. As can be seen in Fig. 4(b), Jeffamine ED-2003,
because of its long PEO chains, makes a flexible segment with

This journal is © The Royal Society of Chemistry 2020
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DGEBA and induce flexibility in GPE-3. On the other hand, a hard
segment crosslinked with Jeffamine ED-900 and DGEBA can be
fractured, dissipating the mechanical energy in GPE-3. According
to the mechanical deformation, the hard segment can break first
to dissipate the strain energy; the fracture energy of GPE-3 is
thereby enhanced (Fig. 4(a) and (b)). Results for flexibility
according to added Jeffamine ED-2003 are shown in Fig. 4(c).
Breaking strength showed similar values because all of the GPEs
shown in Fig. 4(c) contain the same amount of TETA, which is
responsible for mechanical strength. On the other hand, strain

This journal is © The Royal Society of Chemistry 2020

increased with added Jeffamine ED-2003, which is responsible for
flexibility, and the maximum strain of GPE-3 was approximately
509%. Compared with the other ionic liquid based GPE, without
salt, GPE-3 achieves good compatibility between high ionic
conductivity and flexibility, as indicated in Fig. 4(d).

Adhesive property of GPE

The adhesive property of the GPE is another important require-
ment because adhesion maintains the interface between electrode

RSC Adv, 2020, 10, 18945-18952 | 18949
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and electrolyte when the cell is stretched, rolled or bent. In short,
the adhesive property of GPE helps the electrolyte maintain
contact with the electrode. Unless this connection appears, GPE
might have excellent flexibility, but the cell will not work when
deformed. This adhesive property of GPE is investigated accord-
ing to ASTM D3359 B. Test specimens were glass and aluminum
plates; these two substrates are used as a glass fiber nonwoven
separator and the aluminum foil current collector. The test results
are shown in Fig. 5, indicating, because none of the squares of the
lattice is detached, that the adhesion of GPE-3 to glass and
aluminum is strong.*’

Fabrication and performance characteristics of EDLCs based
on GPE-3

A flexible EDLC cell was fabricated using AC as active material,
Al foil as current collector, and GPE-3 as electrolyte, as illus-
trated in Fig. 6(a). The appropriate amount of gel solution was
placed between two electrodes facing each other and cell was
polymerized. Since GPE-3 has an adhesive property, it holds the
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Fig. 6 (a) Illustration of polymerization procedure of GPE (ED2003/
ED900); (b) SEM image of cross section of EDLC and interface of GPE
(ED2003/ED900) and AC based electrode.

two electrodes together, and the cell does not come apart even
under twisting as shown in Fig. 6(a). Gel solution is impreg-
nated into the electrode layer; thus, the carbon surface in the
electrode can be fully utilized for interfacial contact. Fig. 6(b)
provides a cross-sectional SEM image of the interface between
the electrode and GPE in the prepared flexible EDLCs. The
electrode layer and GPE-3 had good contact and formed
capacitive interfaces.

Electrochemical performance of EDLCs based on GPE-3

The electrochemical performance of the EDLC cell was char-
acterized by cyclic voltammetry (CV) and galvanostatic charge-
discharge (GCD) test at room temperature. The operating
potential window (OPW) was first studied using linear sweep
voltammetry (LSV) at a scan rate of 1 mV s~ * (Fig. S21). The GPE-
3 exhibits a OPW of 3.3 V, which is close to that of neat
EMImMTFSL.*” Therefore, voltage window of 3 V was utilized in
electrochemical tests of EDLC. Fig. 7(a) shows CV profiles at
different scan rates from 20 mV s~ ' to 100 mV s, indicating
capacitive behavior of the prepared cell. Fig. 7(b) shows GCD
profiles of the EDLCs at different current density ranging from
2.0 A g ' to 0.2 A g ". The triangular shape of the charge and
discharge curves indicate the electric double layer capacitive
behaviour; the specific capacitance (CECD) is calculated using
the following equation, eqn (2):
GCD I

R VAT @)
where I is the applied current, m is he total mass of the active
materials in the electrodes, dV is the voltage difference in the
discharge, excluding the IR drop, and dt is the discharge time.
The mass of active materials is 0.003 g. Fig. 7(c) shows the
variations of CY°® with the discharge current. The specific
capacitance of ~99 F g~ ' is obtained at a current scan rate range
of 0.2 A g '. Table 1 provides a performance summary of
previously-reported EDLC based on GPE comprising ionic
liquid and polymer. Notably, the specific capacitance of flexible
EDLC-GPE-3 in this study was one of the best values in the
literature.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Electrochemical measurement for the EDLC based on GPE-3 (a) CV profiles at different scan rates (b) GCD profiles at different scan rates
(c) specific capacitance as a function of current density (filled symbol, left and bottom axes) from the GCD profile and Ragone plot of the power
density versus energy density of EDLC (open symbols, right and top axes); (d) electrochemical measurement of EDLC after rolling; (e) photograph

of rolled EDLC; (f) photograph showing LED powered by cell on left.

To verify the flexibility of the prepared EDLC, we performed
electrochemical characterization under deformable condition,
with result shown in Fig. 7(e). The CV and GCD profiles were
nearly identical regardless of the bending conditions (Fig. 7(d)).
Fig. 7(f) shows that, in charge-discharge process, the device

Table 1 Comparison of specific capacitance value of previously re-
ported EDLCs and the EDLCs in this study

Electrolyte® Specific capacitance (Fg™')  Ref.
GPE-3 99 This
work
PVdF/PVAc/BMIMBEF, 93.3 41
PVA/A-CH;COONH,/ 72.58 42
BMIMPF,
poly(VPIFSI)/EMIFSI 52.7 43
PEO/PEGMA/EMIMBF, 74 44
PEO/Bp/EMIMTEFSI 70.84 45
PSU/hBN/EMIMTFSI 90.4 46
PVAF-HFP/[PMpyr][NTf,] 93.72 47

“ [PMpyr][NTf,] represents 1-methyl-1-propylpyrrolidinium bis-
(trifluoromethyl sulfonyl) imide, BMIM BF, represents 1-butyl-3-
methylimidazolium tetrafluoroborate, CH;COONH, represents ammo-
nium acetate, BMIMPF¢ represents 1-butyl-3-methylimidazolium hexa-
fluorophosphate,  poly(VPIFSI)  represents  poly(1-vinyl-3-propyli-
midazoliumbis(fluorosulfonyl)imide), EMIFSI represent 1-ethyl-3-methyl
imidazolium bis(fluorosulfonyl)imide (EMIFSI), EMIMBF, represents 1-
ethyl-3-methylimidazolium iodide, Bp represents benzophenone, hBN
represents hexagonal boron nitride, and PSU represents polysulfone.

This journal is © The Royal Society of Chemistry 2020

worked well in powering an LED. Cyclic test was also conducted
on EDLC and EDLC under the bending condition at current
density of 2 A g~ *. Both EDLC exhibited a capacitance retention
of more than 85% of its initial capacitance after 100 cycles and
a coulombic efficiency of 100% during the cycle (Fig. S37).
Nyquist impedance plots of the EDLC before and after cyclic test
from 1 MHz to 10 MHz frequency range at small ac voltage 5 mV
is shown in Fig. S4.7 In lower frequency region, impedance
curve show a nearly vertical line, which confirms the capacitive
behaviour, and the shape of the line is maintained after cyclic
test. The intercept at high frequency region shows bulk solution
resistance. Before cyclic test, the bulk solution resistance is 6.7
Q and the resistance slightly increased to 7.3 Q after test.

Conclusions

In conclusion, by introduction epoxy and ionic liquid, we
fabricated a stretchable and adhesive GPE for flexible EDLC.
This GPE had not only high ionic conductivity (1.8 x
107* S em ™) but also good electrochemical stability because of
the polymerization with the ionic liquid. Moreover, the intro-
duction of the epoxy led to strong adhesive property and flexi-
bility of up to 509% of GPE. Based on this GPE, flexible EDLC
that can work under deformable conditions are fabricated
showing improved interfacial interaction between electrolyte
and electrode. Additionally, this EDLC delivered a maximum
energy density of 113 W h kg™ " and a maximum power density

RSC Adv, 2020, 10, 18945-18952 | 18951
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of 4.48 kW kg™ for operation within a 3 Vwindow. In short, our
work has tremendous potential for use in next generation
electronic devices such as wearable devices.
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