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lon reservoir and binder-like effects of gel polymer electrolytes (GPEs) are suggested for working
mechanisms to enhance rate capability and cycling stability of activated carbon (AC) supercapacitors
(SCs) even at 3.4 V. Analysis on kinetics from cyclic voltammetry, electrochemical reactions through in
situ Fourier-transform infrared spectroscopy, and differential information of galvanostatic curves reveals
that the increased rate-capability is derived dominantly by an improved non-faradaic process by the ion
reservoir effect of GPEs in the AC. Although the designed GPEs induce slightly higher bulk and diffusion
resistance at the incipient stage, the GPEs play a binder-like function to suppress detachment of AC

rsc.li/rsc-advances

Introduction

Supercapacitors (SCs), including electric double-layer capaci-
tors (EDLCs) and pseudocapacitors (PsCs), have been assessed
as promising energy storage devices owing to their high power
density and long life span.' Considerable efforts have been
made for improvement of capacitance with novel active mate-
rials,” widened cell voltage,® and ameliorated rate capability
with the modification of active materials.” In addition, a myriad
of materials have been used for SC electrodes, such as transition
metal oxides,® conducting polymers,” and various types of
carbon.'®' Among them, activated carbons (ACs) have been
used traditionally to fabricate electrodes because of their high
specific surface area of microporous structure and easy avail-
ability."> However, their microporous structure results in unfa-
vorable rate capability, which is a crucial factor determining the
power density of SCs.*® Therefore, improving the rate capability
by bolstering the electrolytic behaviors in a porous structure is
important in developing superior SCs. In addition, although
widening the cell voltage is also significant for higher power
density,> SCs can be hardly operated with only typical organic
liquid electrolytes (LEs) and AC electrodes due to their electro-
lytic decomposition or degradation of the active materials.***¢

Ionic liquids (ILs), which have been highlighted as alterna-
tives for LEs, have broaden electrochemical window (EW),"”
however, their high-cost limits commercialization for SCs.'®
With gel polymer electrolytes (GPEs), which have been reported
to be next generation electrolyte for energy storages, showing

Department of Chemical Engineering, University of Seoul, 163 Shiripdae-ro,
Dongdaemun-gu, Seoul, 02504, Republic of Korea. E-mail: csjung@uos.ac.kr
(ESI) available. See DOI:

+ Electronic  supplementary information

10.1039/c9ra08765f

4690 | RSC Adv, 2020, 10, 4690-4697

particles and aggravation of impedance parameters during cycling at 3.4 V.

moderate ionic conductivity,'® this study suggests a simple and
effective method to fabricate superb SCs which can be operated
at 3.4 V, showing improved rate capability and cycling stability
than the LE. Archetypal methacrylates, methyl methacrylate
(MMA) and ethylene glycol dimethacrylate (EGDMA), which are
comparably low-cost, were used to form the GPEs. Cyclic vol-
tammetry, in situ Fourier-transform infrared spectroscopy, and
the galvanostatic charge-discharge performance demonstrated
the GPE SCs' enhanced reversible faradaic and non-faradaic
charge-discharge processes. These results could not be eluci-
dated only with diffusion of the electrolytes in the AC pores,
which were measured by the electrochemical impedance
spectra. The GPE SCs were much durable at 3.4 V during gal-
vanostatic cycling and showed the ameliorated recovery of the
capacitance, compared to LE SC.

Experimental
Material preparation and cell fabrication

Spiro-(1,10)-bipyrrolidinium tetrafluoroborate (SBPBF,) and
acetonitrile (ACN, 99.9%) were purchased from Enchem, Korea
and Daejung, Korea, respectively, and used after dehydration
using molecular sieves. Ethylene glycol dimethacrylate
(EGDMA, 98%) and methyl methacrylate (MMA, 99%) were
purchased from Sigma Aldrich and used without further puri-
fication. Benzoyl peroxide (BPO, 75%) was purchased from
Lancaster synthesis, United Kingdom, and used after recrys-
tallization with methanol and chloroform and purification. The
activated carbon electrodes were obtained from Korchip, Korea.

LE was prepared as 1.0 M SBPBF, in ACN. GPEs were
prepared by free-radical polymerization with BPO. The GPEs,
EGDO05, and MMAO5, were comprised of 5 wt% each monomer,
EGDMA and MMA, 2 wt% BPO compared to the monomer, and
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LE as the remainder, then cured for 18 h at 60 °C. The GPE SCs
were prepared with the pre-gel in pouch SCs, then cured using
the same method. Evidences of the polymerization of the GPEs
are shown and described in Fig. S1.7 The SCs were fabricated
with 2.5 cm x 2.5 em AC electrodes as the positive and negative
electrodes and cellulose sheet as a separator. A 0.5 g of the
electrolytes was injected into the fabricated pouch SCs.

Characterization and electrochemical measurements

Cyclic voltammetry (CV) of the electrolytes was measured using
WBCS 3000 (Wonatech, Korea) with AC electrodes as the
working, counter, and reference electrodes from 5 to 40 mV s~ .
In situ Fourier-transform infrared (FTIR) spectra of the electro-
lytes were measured using the attenuated total reflection (ATR)
technique with Spectrum 100 (PerkinElmer, USA) holding the
specific potentials on the same electrodes using an Emstat3
(PalmSens, Netherlands). The SCs were also charged to 3.4 V
and discharged to 0 V galvanostatically using the WBCS 3000,
and the capacitances were measured at 20 °C at various current
rates from 0.1 to 3.2 A g~ . The cycling stability of the SCs was
measured at 3.2 A g~' for 5000 cycles. The potential and
capacitance distributions of the positive and negative electrodes
were measured and calculated on the same electrodes. Imbal-
ance efficiency is a dimensionless number and was calculated
based on an imbalance of the positive and negative capaci-
tances using an equation, |C; — C_|/Cyotal, Wwhere C. is positive
capacitance, C_ is negative capacitance, and Ciu is total
capacitance, which is utilized to determine a mechanism for
increase in total capacitance; from obviously high, biased value
of one side or emaciated imbalance between both sides. Open
circuit voltage (OCV) variances were measured after discharging
at 0.1 A g~* for 2 h. Electrochemical impedance spectroscopy
(EIS) was conducted to measure the various impedance
components at 3.4 V using IM6ex (Zahner, German) from 200
kHz to 30 mHz and at an amplitude of 10 mV. The Nyquist plots
were fitted to an equivalent circuit model using Zman (Wona-
tech, Korea) software. The morphological investigation of the
AC electrodes was conducted using Mini-SEM (SEC Co., Korea).

Results and discussion

Fig. 1a and b display CVs of LE and EGDO05 on the positive and
negative AC electrodes at various rates. Because LE and EGD05
have the same electrode surface, smaller incipient currents of
EGDO05 on positive and negative electrodes were induced by its
lower ionic conductivity than LE (Fig. S21).>° Each CV curve on
the positive electrode showed similar patterns, even at a high
rate (Fig. 1a), but a much distorted current shape of EGD05 on
the negative electrode was observed, unlike the shape of LE
(Fig. 1b). First, compared with LE, slow increase in current of
EGDO05 was observed. It was derived by large diffusion resis-
tance of EGDO5, which is also correlated with equivalent series
resistance (ESR) and time constants, causing delayed electro-
lytic transport to the electrode surface (Table S1 and Fig. S9¥).
Second, to examine whether the slightly increased and broad
current was a response to a faradaic process, the currents of

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

reduction at approximately —1.5 V and the oxidation at
approximately —0.9 V were gathered and their kinetic infor-
mation was analyzed from the relationship: log(i) vs. log(v)
(Fig. 1c). The redox current (i) of capacitors obeys the relation-
ship, i = @?, with sweep rate (v), where b = 0.5 describes
a diffusion controlled process and b = 1 indicates a capacitive
process.”*>* EGDO05 showed a smaller cathodic slope of 0.75 and
an anodic slope of 0.80, which indicates that EGDO05 is
controlled by a diffusion process somewhat, despite the greater
part of capacitive process (Fig. 1c). Unlike the pseudocapacitive
behavior reported by other groups,”* the GPE, in this study,
could diffuse into the AC pores to conduct the charge-discharge
process, so that the diffusive process with parameters close to
0.5 would occur. In addition, through the transformed power-
law relationship, considering both charge storage processes, i =
kv + kw22 larger diffusive portion of EGDO5 on the negative
electrode than of LE was observed (Fig. 1d, e, and f). The
diffusive portion of both electrolytes decreased with increasing
rate,”** but the portion of EGD05 was still higher than of LE
and the decreasing rate was also suppressed by approximately
10% at 40 mV s '. Therefore, the increased total current of
EGDO05, compared to LE, might be derived by slight faradaic
portion. However, because the increasing rate of capacitive
portion of EGD05 was approximately two times higher than of
LE and largely grown capacitive portion at high rate was
observed, non-faradaic process should be improved for much
high current at high rate. MMAO05, having a similar structure as
EGDO5 except for the functionality of cross-linking, also showed
an enhanced diffusive process somewhat at a similar potential
range with comparable kinetic information (Fig. S31).

To determine the mechanism for the slight enhancement of
the faradaic process, in situ ATR FTIR spectra were measured at
specific potentials for 30 min. Fig. 2a presents a plausible redox
mechanism of PEGDMA. Electrochemical reduction would
occur to form a radical structure with a resonance to be stabi-
lized,** then the structure would be oxidized to form the original
structure. This reversible reaction was investigated on an ATR
crystal under the AC electrode holding —2.0 and +0.1 V to
reduce and oxidize further based on the kinetics (Fig. 1c). There
was a space between the crystal and electrode so that a constant
potential was conducted to detect the byproduct that diffused
sufficiently to the crystal (Fig. 2b). If the byproduct had a reso-
nance structure after reduction, the spectra should shift slightly
or widen toward a lower wavenumber. As shown in Fig. 2c, the
C=0 stretching peak widened toward a lower wavenumber and
a new broad peak was generated at 1678 cm ™' after 30 min at
—2.0 V. This broad and small peak disappeared after 30 min at
+0.1 V. LE displayed no changes in the range due to the absence
of the structure (Fig. 2d). Therefore, this novel peak would be
contributed from the formation of a reversible byproduct and
the peak appeared at a lower wavenumber due to the resonance
structure (Fig. 2a). However, the widened C=0 stretching peak
was still present after oxidation. As shown in Fig. S4,7 EGD05
showed a severe increase in current after —2.0 V, which means
another unfavorable reduction occurred. As shown in Fig. S5,
the reduced resonance structure could progress further irre-
versibly by taking electrons to form carboxylate species. This
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Fig.1 CVson (a) positive and (b) negative AC electrodes at 5, 10, 20, 40 mV s™%. (c) Specific currents at various rates. (d) CV curves representing
total (solid line) and diffusive current (shaded region) at 20 mV s~*. Fraction of capacitance of (e) LE and (f) EGDOS5 at various rates.

was confirmed in the asymmetric and symmetric COO stretch-
ing peaks, even after oxidation.>** Therefore, the widened
C=O0 stretching would be contributed from the irreversible
reduction and the small and broad peak at approximately
1678 cm ™~ ' would appear due to the plausible resonance radical
structure. MMAO5 could not be investigated using the same
method due to polymer migration into the AC under the
potential and evanescent wave®” into the AC surface (Fig. S67).
On the other hand, considering the analogous potentiostatic
behavior (Fig. S3 and S471) and its same ester moiety, MMAO5
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would show a similar reversible reaction but the extent of the
reaction would be slightly different from EGDO5 (Fig. 1).

The galvanostatic performance was also investigated at
various rates (Fig. 3). Despite the lower discharge capacitance of
EGDO5 at the slowest rate (C; = 32.31 F g~ ') due to its lower
ionic conductivity,* approximately 30% decrease in capacitance
of LE was ameliorated to 20% decrease at the highest current
rate, when using PEGDMA (Fig. 3a). To analyze this improve-
ment, positive and negative discharge capacitances at 0.1 and
3.2 A ¢! were calculated (Fig. 3b) based on the potential
distributions (Fig. S7at). It was confirmed that the improved

This journal is © The Royal Society of Chemistry 2020
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relative capacitance was contributed from the increase in
negative capacitance at a high rate, and imbalance efficiency of
both capacitances at 3.2 A g~ ' was ameliorated by the GPE,
thereby increasing the total capacitance. To investigate these
mechanisms, the galvanostatic curves (Fig. S8f) were also
analyzed. First derivative curve vs. voltage assists to determine
where the increase in capacitance occurred.” At 0.1 A g ',
EGDO05 has a smaller capacitance throughout both processes
(Fig. 3c and d). However, at 3.2 A g~ ', EGD05 showed an
increased capacitance at the initial charge and discharge
voltage range (Fig. 3e and f). The increased charge and
discharge capacitances did not show beyond the redox potential
ranges (Fig. 1b), as in other PsC,* therefore the increase in
negative capacitance at high rate was considered mainly due to
the enhanced capacitive process by PEGDMA. To investigate the
mechanism, the open circuit voltage (OCV) variations of LE and
EGDO5 after discharging to 0 V were also observed (Fig. 3g). The
OCV of EGDO5 increased slowly to a higher voltage than of LE.
This means that PEGDMA alleviated the rate of OCV variation,
but held more ions near the negative AC electrode surface so
that the ions could adsorb and desorb between PEGDMA and
AC at a higher rate. At a lower rate, the charge-discharge
process of EGDO05 had to occur among the bulk electrolyte and

This journal is © The Royal Society of Chemistry 2020

AC, which would be affected by its lower ionic conductivity to
decrease the total capacitance. The Nyquist plots at 3.4 V with
an equivalent circuit were obtained to investigate the electro-
chemical performance of LE and EGDO5 (Fig. 3h). Every SC was
analyzed using three significant impedance components, bulk
resistance (Ry), charge transfer resistance (R.),** coupled with
the constant phase element (CPE), and Warburg impedance
(Zw)-** As shown in Table S1,f Ry, and Z, of EGDO5 increased
approximately 12 and 128%. This means that PEGDMA existed
not only in the bulk electrolyte, but also in the AC pores. R, of
EGDO5 also increased approximately 124% compared to that of
LE, which was contributed from PEGDMA to form another
faradaic reaction on the AC (Fig. 1) or behave as a resistance in
the AC pores. In addition, Fig. S91 shows characteristic relaxa-
tion time constant (t,).** EGDO05 showed a 1.33 s slower
response than of LE, which corresponded to the Warburg
impedance, namely, diffusion resistance in the AC pores, but
this did not correspond to the relative capacitance (Fig. 3a) as
reported by Teng et al.*®* Therefore, the improvement of rate
capability should be elucidated by another factor to enhance the
high rate performance, such as some faradaic process (Fig. 1
and 2) or the ion reservoir effect (Fig. 3g) by PEGDMA in the AC
pores. MMAO5 demonstrated similar galvanostatic charge-

RSC Adv, 2020, 10, 4690-4697 | 4693
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discharge behavior to EGDO5 (Fig. S10t), and showed similar Fig. 4 presents cycling stability of LE and EGDO05 at 3.4 V.
frequency-dependent behavior (Fig. S9 and S10ht) with the EGDO05 showed improved capacitance retention and recovery
alleviated increments of all impedance parameters (Table S11). ratio after 5000 cycles (Fig. 4a). Positive and negative
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capacitances were also calculated based on the potential
distributions during cycling (Fig. S7bt and 4b). LE showed
severe loss of negative capacitance, but EGD05 showed a highly
retained negative capacitance during cycling. Because main-
taining the negative capacitance is more crucial for improving
the cycling stability in this study (Fig. 3b), EGDO05, showing
superior retention of the negative capacitance (Fig. 4b) is
a suitable SC for high voltage operation. Fig. 4c and d presents
the Nyquist plots measured after cycling to analyze the changes
in the impedance components. Since R in LE increased more
than 350% after cycling, although R, and Z, increased
approximately 32 and 37%, the aggravation of R . appeared to be
the major cause of the deteriorated durability of LE (Table
S2+).*2 In EGDO05, PEGDMA miitigated the aggravation of R, and
even other components during cycling. MMAO5 showed similar
cycling stability to EGDO05, but there were differences in the
extent of the capacitance retention and increase in the imped-
ance parameters (Fig. S11 and Table S2+).

There might be two mechanisms for the improvement of
cycling stability of EGDO5. First, suppression of electrolytic
decomposition by PEGDMA was investigated. Although the
reaction might occur when operating AC SCs at high voltage,****
the electrochemical reaction was not severe during that cycling
under the potential distribution,** and there were no significant
differences in the reactivity between LE and EGDO5 in the cell
potential ranges (Fig. 1, S4 and S77). Then, second mechanism,

This journal is © The Royal Society of Chemistry 2020

electrode deformation, which can be occurred when continu-
ously charged and discharged at high voltage, should be
investigated. During that cycling, volumetric expansion of active
materials may be caused by physisorption of electrolytes on
electrode surface, bringing about severe deterioration of
mechanical stability among active materials, including cracks
of themselves and detachment from the electrode.*®** As shown
in Fig. 5, SEM images can explain the improved cycling stability
of EGDO05. No degradation of positive electrodes after cycling at
3.4 Vwas observed for both cells, compared to the pristine state
(Fig. 5c and e). However, the negative electrode in LE showed
detachments of active materials from the electrode (Fig. 5d), as
in other studies.*'*** EGD05 showed less degraded negative
electrode surface but rougher surface than the pristine one
(Fig. 5f). This suggests that PEGDMA acted as an additional
binder throughout the AC electrode to hold more the active
materials mechanically during cycling, resulting more retained
capacitance with suppressed increase in the impedance
parameters. MMAO5, which showed slightly retained capaci-
tance, demonstrated some defects on the negative electrodes, as
in LE (Fig. S121). PMMA among the ACs would act as a binder,
but it could not enhance the coherence among the active
materials sufficiently. This result was also in accordance with
aresearch that cross-linked binder can be stretched further and
is adequate for electrode materials.*

RSC Adv, 2020, 10, 4690-4697 | 4695
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Fig.5 SEM images of pristine electrodes and electrodes after cycling. (a) Positive and (b) negative pristine electrodes. (c) Positive and (d) negative

LE electrodes. (e) Positive and (f) negative EGDO5 electrodes.

Conclusion

This study examined the mechanism for improving the rate
capability and cycling stability by archetypal methacrylate-based
GPEs on the AC electrode. Non-faradaic process was confirmed
to be more significant factor in improving the rate capability by
PEGDMA with a slightly enhanced pseudocapacitive process in
EGDO05. Enhanced negative capacitance and ameliorated imbal-
ance efficiency was observed for the improvement. This could be
elucidated with the ion reservoir effect. Cycling stability at 3.4 V
was also improved by PEGDMA due to the retained morphology
of the negative electrode by the binder-like activity among the
active materials. As a result, PEGDMA suppressed the aggravation
of all impedance components during cycling, thereby leading the
splendid maintenance of negative capacitance. MMAO5, which

4696 | RSC Adv, 2020, 10, 4690-4697

was composed of PMMA, having the similar chemical structure,
showed analogous electrochemical behavior as EGD05. With
these results on archetypal methacrylate-based GPEs, other
analogous GPEs with different functional moieties need to be
uncovered to further improve the rate capability and durability at
high voltage to achieve much higher power AC SCs.
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