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Abstract—Structural supercapacitors are energy storage devices that can function as structural materials. We synthe-
sized composite solid polymer electrolytes (CSPEs) from 1-ethyl-3-methylimidazolium trifluoromethanesulfonate
([EMIm][OTF]), poly (ethylene glycol) monomethyl ether acrylate (PEGA) and functionalized silica filler. Two types of
fumed silica were used: one had an unmodified surface, and the other an organically modified surface. The CSPEs
were prepared by adding ionic liquids (IL) to the PEGA and the ratios between PEGA and IL were 7:3 and 5: 5, respec-
tively. The functionalized silica was synthesized by the sol-gel method under acidic conditions using methacryloxypropyl
trimethoxysilane (MAPTMS), whereas the effects of silica filler on the electrochemical and thermal properties of CSPEs
were investigated using electrochemical impedance spectroscopy, cyclic voltammetry, and differential scanning calorim-
etry. The ionic conductivity of CSPEs based on PEGA/[OTF]_SiO, at various concentrations of [EMIm][OTF] was
5.7x10* and 4.8x10* S/cm, and their specific capacitance was 10.0 and 9.5 F/g, respectively. With the addition of silica
filler, the ionic conductivity and specific capacitance of the synthesized CSPEs were lower than those of the neat CSPEs.

Keywords: Poly(Ethylene Glycol) Monomethyl Ether Acrylate (PEGA), Composite Solid Polymer Electrolytes, Superca-
pacitors, Silica Filler, Structural Supercapacitors

INTRODUCTION

Supercapacitors are energy storage devices with high mechani-
cal robustness, high power density, fast charging/discharging rate,
high cydle stability, and safety [1-3]. They can be used in pulse power
supplies, hybrid electric vehicles, medical equipment, and memory
protection devices [4-7]. Supercapacitors can also store energy by
forming an electrical double layer (EDL) at the interface between
the electrolyte and activated carbon electrode [8]. Although poly-
mer electrolytes have better stability without leakage and can be
made into ultra-thin forms, they are limited by the high interfacial
resistance between the electrode and electrolyte, and low ionic con-
ductivity [9]. Therefore, several studies have attempted to enhance
the amorphous part of the electrolyte [10]. Efforts made to achieve
high amorphous content of the polymer electrolyte have focused on
the use of branched and/or cross-linked polymers rather than linear
ones and the addition of liquid plasticizer and/or inorganic filler.

Composite solid polymer electrolytes (CSPEs) containing meso-
porous nanoparticles have better mechanical stability and excellent
interfacial property between the electrode and electrolyte [11,12].

In this study, we prepared a structural supercapacitor using CSPE
and an epoxy prepreg/carbon fiber fabric, which was used as the
packing material. CSPE was synthesized by hardening the mixture
of the PEGA oligomer, silica filler, ionic liquids, and curing agent
used for structural supercapacitor applications. The purpose of this
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study was to elucidate the effect of the content of this mixture on
the electrochemical properties of CSPE with polymer electrolytes.
The structural and electrochemical performance of the samples
was characterized.

EXPERIMENTAL

1. Materials

Poly(ethylene glycol) monomethyl ether acrylate (PEGA, Mn 480)
and cumene hydroperoxide (CHP; 80%) were purchased from
Aldrich. 1-Ethyl-3-methylimidazolium trifluoromethanesulfonate
[[C-tri Co; EMIm][OTEF]) was used without further purification.
Silica [A200, Degussa Co.] was dried under vacuum conditions at
70 °C for 24 h. Methacryloxypropyltrimethoxy silane (MAPTMS,
Jusei Chemical Co.), toluene, acetic acid, and ethanol were used as
obtained.

2. Preparation of MAPTMS-modified Silica Nanoparticles
(mSiO,)

The silica nanoparticle surface was modified by the sol-gel method
under acidic conditions using methacryloxypropyl trimethoxysi-
lane (MAPTMS) [13]. The three reaction mechanisms between
MAPTMA and silica nanoparticles are depicted in Scheme 1. The
silica nanoparticles (10.00 g) in toluene (250 ml) were added to a
500-ml four-necked flask fitted with a mechanical stirrer, thermo-
couple, dropping funnel, and condenser at the reflux temperature
under nitrogen atmosphere, whereas MAPTMS was added drop-
wise. Different concentrations of MAPTMS (5, 10, and 20 g based
on 10 g of silica) were added to ethanol (25 ml) at adjusted pH val-
ues. The pH of the solution was adjusted to 3-4 using an acetic acid
solution. After the addition, the mixture was heated and stirred for
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Scheme 1. Schematic illustration of synthesis of modified silica nanoparticles.

Table 1. The recipe for each modified silica

Sample Silica MAPTMS Toluene Ethanol
(® (8 (ml) (ml)
mSiO,(0.5) 10 5 250 25
mSiO,(1.0) 10 10 250 25
mSi0,(2.0) 10 20 250 25

Table 2. The composition of PEGA /IL based composite solid poly-

mer electrolytes

Symbol PEGA [EMIm][OTF] Silica filler
PEGA 10 - -
PEGA[OTF]_9 9 1
PEGA[OTF]_7 7 3
PEGA[OTF]_5 5 5
PEGA[OTF]_ SO 91 9 1 0.1
PEGA[OTF]_S0_73 7 3 0.1
PEGA[OTF]_S0_55 5 5 0.1
PEGA[OTF]_ S0.5_91 9 1 0.1
PEGA[OTF]_ S0.5_73 7 3 0.1
PEGA[OTF]_ S0.5_55 5 5 0.1
PEGA[OTF]_ S1.0_91 9 1 0.1
PEGA[OTF]_S1.0_73 7 3 0.1
PEGA[OTF]_ S1.0_55 5 5 0.1
PEGA[OTF]_S2.0_91 9 1 0.1
PEGA[OTF]_S2.0_73 7 3 0.1
PEGA[OTF]_ S2.0_55 5 5 0.1

2 h, after which modified silica dispersion was obtained. The prod-
uct was centrifuged and washed with ethanol five times, dried in a
vacuum oven at 80 °C for 24 h and ground into powder. The mod-
ified silica nanoparticles were analyzed by FT-IR, where mSiO, is a
silica nanoparticle with a methacryloxypropyltrimethoxy silane group
on the surface. Table 1 shows the recipe and sample code for each
experiment.
3. Preparation of PEGA-based Composite Solid Polymer Elec-
trolytes

We prepared CSPEs using RAFT polymerization [14]. The con-
stituents of CSPEs based on PEGA/ILs are listed in Table 2. CHP

and ILs were added to the PEGA and stirred for 1 h and the solu-
tion was dropped onto a glass plate. Next, the viscous solution was
heated at 80 °C for 16 h and then heated to 110 °C for 1 h. CHP was
added in a resin with a 1.5-wt% quantity. The electrolyte was named
as poly(PEGA/[OTF]_I_AB) electrolyte. I, A, and B represent the
type of silica filler, content of PEGA, and composition of ionic lig-
uids, respectively.

4. Preparation of Structural Supercapacitors

Supercapacitors were prepared by sandwiching CSPEs between
activated carbon electrodes, which was then vacuum sealed with
glass fiber and carbon fiber prepreg. This supercapacitor manufac-
turing process was introduced in an earlier work [15-18]. The glass
fiber prepreg was used in short-circuit protection [19-22]. The super-
capacitors were then sandwiched between peel-plies and the mold
formed was sealed with a vacuum bag and butyl. The mold was
moved into an oven and heated under vacuum conditions [23]. A
schematic illustration of the bagged lay-up is shown in Fig. 1.

5. Measurements
5-1. Fourier-transform Infrared Attenuated Total Reflection (FTIR-
ATR) Spectroscopy

FTIR-ATR was characterized using the Avator 360 ESP. The mi-
croscope was placed in dry nitrogen. The spectra were recorded in
a spectral range from 4,000 to 525 cm™’, 128 scans with a resolu-
tion of 4cm ™" and corrected to the background spectrum of air.
5-2. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) involved using a TA Instru-
ment Q500 TGA in the temperature range from 30 to 600 °C at a
heating rate of 10°C min™' in an inert atmosphere with a sample
weight of about 8-10 mg.

5-3. Differential Scanning Calorimetry (DSC)

Measurements were performed using a TA Instruments Q100
DSC equipped with an aluminum pan operating in an inert atmo-
sphere. The DSC was calibrated using indium. Characterizations
were carried out between —80 and 80 °C at a heating rate of 10 °C
min~". The glass transition temperature (T,) was reported as the
midpoint temperature of the baseline shift measured during the
transition, and the melting temperature was determined from the
peak of the endotherm. The sample weight was 8-10 mg.

5-4. Electrochemical Impedance Spectroscopy (EIS)

EIS was performed to investigate the ionic conductivity of the

electrolyte using an impedance analyzer, the ZIVE SP2 (WonA
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Fig. 1. Schematic illustrating manufacturing process of structural supercapacitors.

tech.) model. Measurements were made over frequencies ranging
from 1Hz to 1 MHz at room temperature and with an amplitude of
10 mV. Conductivity (o) was calculated using the following equation:
1 1
o==Xx—

R A

where A is the area of the film [cm?] and [ is the thickness [cm)].
5-5. Cyclic Voltammetry (CV)

CV was conducted using the ZIVE SP2. A scan rate of 10 mV/
s was used over the range from 0 to 3 V. The specific capacitance
of cells was calculated as follows:

deV
~ ymV

@

@

where C, V, I, and m are the specific capacitance of the cell [F g'],
voltage range [V], scan rate [mV s™'], current density [A cm™], and
mass of the active material of the electrode [g], respectively.
6. Galvanostatic Charge-discharge Test

Galvanostatic charge-discharge tests of the supercapacitors were
performed using a WBCS 3000 (WonA tech, Korea). The galvanos-
tatic charge-discharge test of the supercapacitors was conducted at
voltage ranging from 0 to 3V at various current densities (0.25
mA cm 2 and 0.5 mA cm ™).

The discharging capacitance was calculated using the following
equation:

At
“m-AV

©)

where C, m, AV, At, and I are the specific capacitance of the cell [F
g '], total mass of the active material for the electrode [g], voltage
range [V], discharge time [s], and discharging current [A], respec-
tively.
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7. Mechanical Properties Analysis

Tensile properties were determined in a universal testing machine.
The specimen was mashed at the end of the samples. The grip dis-
tance of the end points was 40 mm and crosshead speed was 10
mm min . The force was detected throughout the test continu-
ously. The measured data was calculated with thickness and dis-
tance of the samples, expressed in equation as:

F

le = t_d (4)

where F is the average force, d is distance of the ends and t is thick-
ness of the samples.

RESULTS AND DISCUSSION

1. Synthesis of Modified Silica

MAPTMS grafted onto silica nanoparticles was investigated by
FT-IR and TGA. Silica nanoparticles with methacryloxypropyltri-
methoxy silane groups on the surface were investigated using FTIR-
ATR. The spectra obtained from silica nanoparticles (SiO,) and
modified silica (mSiO,) are shown in Fig, 2. The peaks in the range
1,000-1,100 cm ™" and around 815 cm™" represented in Fig. 2 corre-
spond to Si-O-Si symmetric and asymmetric stretching vibration
modes in silica nanoparticles. In the FTIR-ATR spectra, the broad
peak at 3,300-3,400 cm ' due to Si-OH stretching bond decreased
in intensity and a sharp peak at 1,720 cm™', and those at 1,640 and
935cm’™, corresponding to the C=0 and C=C bonds, respectively,
of the methacrylate group appeared. In addition, the peaks in the
range 1,000-1,100 cm™' and around 815 cm™ (Fig. 2) correspond to
Si-O-Si symmetric and asymmetric stretching vibration modes,
respectively; in the silica nanoparticles, indicating that MAPTMS
was grafted onto the surface of silica nanoparticles. The peak in the
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Fig. 3. TGA curves of MAPTMS-modified silica nanoparticles.

range 1,000-1,100 cm™" due to the Si-O-C antisymmetric stretch-
ing mode shifted to a lower frequency. Moreover, there was no big
difference in FT-IR spectra according to modifying degree. That
may because of the small differences of modifying degree within
mSiO,(0.5) to mSiO,(2.0).

A successful modification reaction was also confirmed from the
weight loss data obtained by TGA between silica nanoparticles and
MAPTMS-modified silica nanoparticles. TGA was conducted on
the modified silica nanoparticles in an inert atmosphere to charac-
terize thermal stability. Fig. 3 shows the TGA curves for silica nano-
particles and MAPTMS-modified silica nanoparticles. For silica
nanoparticles, the weight loss from 30 to 350 °C was 2.9 wt% due
to the desorption of physically adsorbed water and water in the Si-
OH condensation step. For MAPTMS-modified silica nanoparti-
cles, the decomposition temperature was 427 °C. The weight loss of
MAPTMS-modified silica nanoparticles for different concentrations
of MAPTMS was 4.2, 5.5, and 7.6%, respectively. For MAPTMS-
modified silica nanoparticles, the weight loss for different concen-
trations of MAPTMS from 30 to 350 °C was 2.5, 2.3, and 1.9%,
respectively, because many of the Si-OH groups were used in the
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Fig.4.DSC thermogram of PEGA/[OTF]-based composite solid
polymer electrolytes.

silylation reaction. The grafting efficiency of MAPTMS on silica
nanoparticles increased with MAPTMS concentration.
2. Preparation of Composite Solid Polymer Electrolyte

DSC was used to investigate the morphology of the organic poly-
mer phase in the composite solid polymer electrolyte and also to
determine the nature and degree of PEGA-[OTF] and PEGA-sil-
ica filler interaction. Fig. 4 shows the DSC thermogram curves for
the composite solid polymer electrolyte using silica nanoparticles
and MAPTMS-modified silica nanoparticles. The glass transition
temparature (T,) and melting temperature (T,,) were investigated
using DSC (Table 3). Poly(ethylene glycol) monomethylether acry-
late (PEGA) exhibited T, and T,, at —61 °C and 5°C, respectively.
As [EMIm] [OTF] was added to solid polymer electrolytes, melt-
ing temperature disappeared owing to a decrease in crystallinity.
The value of T, for PEGA/[OTF]-based polymer electrolytes with
different concentrations of [EMIm][OTF] was —64 and —69 °C, re-
spectively. As the ionic liquid concentration increased, T, decreased.
DSC results indicate that the glass transition temperature of PEGA
generally shifted towards a low temperature with the addition of
[EMIm)] [OTF] and silica filler because the PEGA-[OTF] and PEGA-
silica filler interactions for composite solid polymer electrolytes
were decreased.

The mechanical property of CSPEs was studied, which is pre-
sented in Fig. S1. The mechanical property of full cell was in pro-
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Table 3. The thermal properties of PEGA/[OTF] based composite

solid polymer electrolytes
Sample T, (°C) T, (°C)
PEGA —61 5
PEGA[OTF]_73 —64 -
PEGA[OTF]_55 —69 -
PEGA[OTF]_SiO, 73 —66 -
PEGA[OTF]_SiO,_55 65 -
PEGA[OTF]_mSiO, (0.5)_73 —62 -
PEGA[OTF]_mSiO, (0.5)_55 -73 -
PEGA[OTF]_mSiO, (1.0)_73 —62 -
PEGA[OTF]_mSiO, (1.0)_55 —68 -
PEGA[OTE]_mSiO, (2.0)_73 —61 -
PEGA[OTF]_mSiO, (2.0)_55 —68 -
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Fig. 5. Ionic conductivity of CSPEs with different content of [EMIm]
[OTEF].

portion to carbon fiber composite, not to the composition of gel
electrolytes. Therefore, we tested the mechanical property of one
of full cells. Tensile strength and tensile modulus of full cell were
116.9 MPa and 9.05 GPa. Fig. 5 shows ionic conductivity calculated
using EIS data. The ionic conductivity of CSPEs based on PEGA/
[OTF] was 0.25 and 0.61 and 0.56 mS cm", respectively. The ionic
conductivity values of the CSPEs depend on the composition of the
completing eftects [24]. As the concentration of IL increased to 30%,
ionic conductivity was enhanced owing to the composition of the
ion transference number, but ionic conductivity was decreased in
case of 50% of IL. In contrast, the ionic conductivity of the sam-
ples with silica filler decreased due to the ion-dipolar moment and
ion pair [24]. The ionic conductivity of PEGA/[OTF]_SiO,-based
CSPEs was 0.22, 0.57 and 0.48 mS cm™, respectively. The ionic con-
ductivity of PEGA/[OTF]_mSiO, 91-based CSPEs with a grafting
efficiency of MAPTMS on silica nanoparticles was 0.20, 0.18 and
0.15mS cm™, respectively. The ionic conductivity of PEGA/[OTF]_
mSiO,_73-based CSPEs with a grafting efficiency of MAPTMS on
silica nanoparticles was 0.52, 047 and 0.35mS cm™', respectively.
The ionic conductivity of PEGA/[OTF]_mSiO, 55-based CSPEs
with a grafting efficiency of MAPTMS on silica nanoparticles was
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Fig. 6. Specific capacitance of CSPEs using cyclic voltammetry.

0.46, 0.44 and 0.32 mS cm™, respectively. The ionic conductivity of
CSPEs decreased as silica filler was added. Owing to the OH group
content of silica surface, the ionic conductivity of CSPEs with SiO,
was higher than that of CSPEs with mSiO,.

Cyclic voltammetry was conducted at room temperature over
voltages ranging from 0 to 3 V at a scan rate of 10 mV s~ The spe-
cific capacitance of the supercapacitor calculated from the CV curves
(Fig. S1) is shown in Fig. 6. The composition of PEGA and ionic
liquids was 9:1 7:3 and 5: 5, respectively. The specific capacitance
of CSPEs based on PEGA/[OTF] with various concentrations of
[EMIm][OTF] was 5, 13.0 and 12.5F g, respectively. As the concen-
tration of IL increased to 30%, specific capacitance was enhanced,
but the capacitance was decreased in case of 50% of IL. The spe-
cific capacitance of PEGA/[OTF]_SiO,-based CSPEs with various
concentrations of [EMIm][OTF] was 4.3, 10.0 and 9.5F g, respec-
tively. The specific capacitance of the PEGA/[OTF]_mSiO, 91 based
CSPEs with a grafting efficiency of MAPTMS on silica nanoparti-
cles was 4.1, 3.9and 3.7 F g/, respectively. The specific capacitance
of the PEGA/[OTF]_mSiO, 73 based CSPEs with a grafting effi-
ciency of MAPTMS on silica nanoparticles was 9.3, 9.1, and 8.1 F
g ', respectively. The specific capacitance of the PEGA/[OTF]_
mSiO, 55-based CSPEs with a grafting efficiency of MAPTMS on
silica nanoparticles was 8.8, 8.6, and 7.3, respectively. The specific
capacitance of CSPEs with SiO, was higher than that of CSPEs
with mSiO,. As the grafting ratio of MAPTMS on silica nanopar-
ticles increased, the specific capacitance of CSPEs decreased.

The structural supercapacitor was tested using galvanostatic
charging-discharging at current density of 0.25 and 0.5 mA cm™.
Figs. 7(a) and (b) show the galvanostatic charging-discharging curves
of the structural capacitor with PEGA/[OTF] at various current den-
sities. Figs. 7(c) and (d) show the galvanostatic charging-discharg-
ing curves of the supercapacitors with PEGA/[OTF]_55_S2.0 at
various current densities. The specific capacitance of the superca-
pacitors using the galvanostatic charging-discharging test is shown
in Table S2. In case of PEGA/[OTEF], the specific capacitance at 0.25
mA cm * was 68 and 55F g ' for PEGA/[OTF]_73 and PEGA/
[OTF]_55, and the specific capacitance at 0.5 mA cm ™~ was 30 and
28F g/, respectively. In the PEGA/[OTF]_S2.0 case, the specific
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capacitance at 0.25 mA cm” was 45 and 23 F g ' and the specific
capacitance at 0.5mA cm” was 30 and 11F g for PEGA/[OTF]_
73_52.0 and PEGA/[OTF]_55_S2.0, respectively. As the current den-
sity increased, specific capacitance decreased. The relative specific
capacitance of CSPEs tended to decrease with the addition of sil-
ica. As silica filler was added, the specific capacitance of the CSPEs
decreased. Because of the OH-group content of the silica surface,
the specific capacitance of CSPEs with SiO, was higher than that
of CSPEs with mSiO,. Ohmic drops occurred in all samples due to
the contact resistance of the electrode and electrolyte and the internal
resistance [25]. As the IL content increased, specific capacitance
increased.

The cydle stability of structural capacitors is an important char-

acteristic for practical applications. Cycling tests were performed
using the CV method and capacitance retention (CR) was calcu-
lated using the following equation:

CR S 100 ©)
==X
C

0
where C, is the discharging capacitance at each cycle, and C, is the
discharging capacitance in the first cycle. Figs. 8(a) and (b) show
the CR of a capacitor of the PEGA/[OTF] series. After 100 cycles,
the CR of PEGA/[OTF]_73 and PEGA/[OTF]_55 was approxi-
mately 91% and 84%, respectively. In the PEGA/[OTF]_73_S0.5
and PEGA/[OTF]_55_S0.5 cases, the capacitance retention was
81% and 76%, respectively. The PEGA/[OTF]_73 electrolyte exhib-
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ited better stability than that of the PEGA/[OTF]_55 electrolyte. The
PEGA_73 electrolyte process demonstrated an excellent lifetime
during repetitive charge-discharge cycling. However, these results
appear to be because the number of ions in the PEGA/[OTF]_55
sample is greater than that in the PEGA/[OTF]_73 sample. There-
fore, the CR values further reduced as the interaction between the
electrode and the electrolyte became more active.

CONCLUSIONS

We prepared CSPEs using [EMIm][OTEF] as the IL, PEGA as the
oligomer, and silica filler, at two different ratios between PEGA
and ionic liquid (7:3 and 5:5). In the FT-IR spectrum of modi-
fied SiO,, the mean peaks were as follows: C=O stretching (car-
bonyl peak) at 1,720cm ™" and C=C peak at 1,640 cm™' and 935
cm . In the TGA, the decomposition temperature of modified sil-
ica was 427 °C. The modification rate of silica was 4.2%, 5.5%, and
7.6%, respectively. The DSC thermograms showed that PEGA had
a glass transition temperature of —61°C and a melting tempera-
ture of 5°C. The T, of the polymer electrolyte was lower than that
of PEGA. The T,, of CSPE disappeared due to the addition of ionic
liquid, while the crystalline structure disappeared. The electrochemi-
cal performance of CSPEs for structural supercapacitors was stud-
ied using EIS and cyclic voltammetry. The ionic conductivity of
PEGA/[OTF]-based CSPEs was 0.61 mS cm™’, in case of 30% of
ionic liquid. The ionic conductivity of PEGA/[OTF]_SiO,-based
CSPEs was 0.57 mS cm™, in case of 30% of ionic liquid. With the
addition of silica filler, the ionic conductivity of synthesized CSPEs
was lower than that of the neat CSPEs. The specific capacitance of
PEGA/[OTF] with 30% of [EMIm][OTF] was 115F g and of
the PEGA/[OTF]_SiO,-based CSPEs was 10.0F g, respectively.
Under the references, mesoporous silica can increase mechanical
properties of solid electrolytes. We confirmed the silica filler de-
creased the electrochemical performance of the electrolytes. Finally,
we concluded that silica filler in the EMIM : OTF based electro-
lyte has a trade-off between mechanical and electrochemical per-
formance. Moreover, we confirmed 30% of ionic liquid content
was best in case of PEGA/[OTF] polymer electrolyte. Addition-
ally, we thought that our devices had poor electrochemical perfor-
mance because of the ionic conductivity of the electrolyte and
contact resistance of electrode/electrolyte interface. So, we will try
to increase the electrochemical performance through additional
experiments about the content of electrolytes or additives for elec-
trolytes.
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SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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Table S1. Mechanical properties of structural supercapacitor

0.010

Sample Tensile strength Tensile modulus _ zggingx]_?;
(MPa) (GPa) —pE Gngo TF}: 55

PEGA[OTF]_mSiO, (1.0)_73 116.90+12.04 9.05+0.80

Table S2. Specific capacitance of the CSPEs 0.005

Current Density (F g")

Current (A)

Sample = =
0.25mA cm 0.5mA cm
PEGA[OTF]_73 68 30
PEGA[OTF]_55 55 28 0.000
PEGA[OTF]_73_S2.0 45 23 ; ; ; '
PEGA[OTF]_55_S2.0 30 11 ’ T ’

Fig. S1. CV curves of PEGA/[OTF].
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