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High-Temperature-Endurable, Flexible Supercapacitors:
Performance and Degradation Mechanism

Bin Qin, Xueting Wang, Dong Sui, Tengfei Zhang, Miao Zhang, Zhenhe Sun, Zhen Ge,
Yuging Xie, Ying Zhou, Yuxin Ren, Yu Han, Yanfeng Ma, and Yongsheng Chen*!?!

Current state-of-the-art supercapacitors all have a limited
operational temperature, and thus, extension of the tempera-
ture range is in high demand. In this work, high-tempera-
ture-endurable, flexible supercapacitors were fabricated by a
very simple method and by using commercially available,
low-cost materials. The device could be operated efficiently
at 120°C, and even after 10000 cycles at an operation voltage
of 2.5V, approximately 75 % of its capacitance was retained.
Furthermore, its performance remained essentially un-
changed even under high bending conditions. Cyclic voltam-
metry, electrochemical impedance spectroscopy, scanning
electron microscopy, energy-dispersive X-ray spectroscopy,

Introduction

Supercapacitors featuring high power density and a long
cycle life have been intensively investigated during the last
decade.!"! However, high-temperature-endurable supercapaci-
tors that could potentially meet the special requirements of
the drilling, military, and space industries are still highly de-
sirable. Unfortunately, studies with temperature reliability
above 100°C are very limited.” Part of the major challenge
is that for such high-temperature supercapacitors (HTSCs),
every component, including the electrolyte, separator, pack-
ing case, and the active materials, should be thermally and
electrochemically stable.

Probably, the most apparent issue to achieve such HTSCs
is to have an electrolyte that is operational at a temperature
and voltage that are as high as possible. As shown in
Scheme 1, conventional aqueous electrolytes, though easy to
fabricate, cannot sustain high temperatures owing to their
low boiling points. The commonly used solvents in commer-
cial supercapacitors, including acetonitrile (AN) and propyl-
ene carbonate (PC), can normally stand <100°C for PC and
<70°C for AN.I'""l Phosphoric acid-doped solid-state elec-
trolytes have been demonstrated to be able to stand temper-
atures higher than 200°C but with narrow operation voltag-
es.230131 Room-temperature ionic liquids (RTILs) have been
considered as competitive candidates to address the issue of
electrolytes for HTSCs, as they exhibit high thermal stability,
a wide potential window, and low vapor pressure.[71422
Another component of HTSCs is the separator, which allows
the transport of ionic species and prevents electrical short
circuits, and it also plays a major role in determining the op-
eration temperature. Commercial separators such as cellulose
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and X-ray photoelectron spectroscopy revealed that there
were three factors causing capacitance fading and an increase
in the internal resistance. The first one was fusion of the sep-
arator during high-temperature electrochemical charging/dis-
charging, which led to an increase in the internal resistance.
The second factor was decomposition of the separator, which
resulted in the accumulation of deposits on the surfaces of
the positive and negative electrodes. The third factor was
that possible physical separation of the active materials on
the positive electrode from the current collector led to a
drastic increase in internal resistance.

paper and polyethylene- and polypropylene-based porous
films are not reliable for high-temperature applications, as
they easily shrink at elevated temperatures, which leads to
electrical shorts in the device.**?! Glass fibers,®!%1217.20]
porous alumina,>'®! polytetrafluoroethylene (PTFE) films,?!!
polyimide porous films,”! phosphoric acid doped poly-
mers,>*%3 clay-doped polymers,** and SiO,-doped polymer
composites"®'”! have all been studied as high-temperature
separators.

Packing cases that are mainly used to seal the entire super-
capacitor also play an essential role and impact the per-
formance of supercapacitors at high temperatures. Conven-
tional case materials such as aluminum-laminated films
cannot sustain high temperatures, because polypropylene is
attached inside the film."¥ Stainless steel, which possesses
high thermal stability, has been widely demonstrated as a
case material of HTSCs with good performance.[1-1215:16:20.22]
However, HTSCs using stainless-steel cases with operation
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Scheme 1. Components of conventional two-electrode SCs and the common materials used.

temperatures higher than 100°C have rarely been reported,
possibly because of the shuttle self-discharge effect deter-
mined by Fe’* and Fe’* ions® that are derived from stain-
less steel at high operating temperatures and high voltages.
A PTFE tapel! and a polyethylene terephthalate (PET) film
sealed by silicon rubber®™ were also reported in HTSCs with
high operation temperatures, which is indicative of the great
potential of polymers for HTSC applications. The aluminum
case commonly used in commercial supercapacitors may also
be applied to HTSCs, as the dense aluminum oxide on the
surface of the aluminum case shows excellent thermal and
electrochemical stability.

The active materials of the electrodes are also a key com-
ponent of SCs that directly determine the electrochemical
performance of devices. The main considerations of the
active materials for the electrodes in HTSCs include cycle
stability at high temperatures, effective specific surface area,
and resistance. Activated carbon fabrics,'” carbon nano-
tubes,"” carbon nano-onions,'® reduced graphene oxide,>*?!
carbide-derived carbons,?!! and commercial activated carbon
(AC)P ™ have all been investigated for HTSCs.

Although there are many reports on HTSCs, to the best of
our knowledge, the performance of supercapacitors above
120°C with high cycling capability has only been rarely re-
ported.*l More importantly, the degradation mechanism of
HTSCs, crucial for designing better energy-storage devices,
has not yet been fully addressed experimentally. Herein, we
report the study of a HTSC that can operate efficiently at
120°C, and approximately 75 % of its capacitance is retained
after 10000 cycles at an operation voltage of 2.5 V. More-
over, the HTSC possesses outstanding flexibility, and its per-
formance remains unchanged under bending curvatures of
0.05, 0.1, and 0.2 mm™' both at room temperature and at
120°C. Furthermore, we systematically investigated the deg-
radation mechanism of the HTSCs and found that the three
main factors causing capacitance fading and an increase in
the internal resistance were the fusion of the separator
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during high-temperature electrochemical charging/discharg-
ing, deposition of contaminants resulting from decomposition
of the separator on the surfaces of the positive and negative
electrodes, and possible physical separation of the active ma-
terials on the positive electrode from the current collector,
thereby leading to a drastic increase in the internal resist-
ance.

Results and Discussion
Optimization of electrolyte, separator, and case materials
Electrolyte

RTILs are promising candidates as electrolytes for HTSCs,
as they exhibit excellent thermal stability and a wide electro-
chemical window.'" Two RTILs, 1-ethyl-3-methylimidazoli-
um bis(trifluoromethylsulfonyl)imide (EMIMTFSI) and 1-
ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF,),
were studied in the HTSCs, in which a glass-fiber separator,
aluminum plate case, and commercial AC electrode were
used. Figure Sl1a (Supporting Information) shows the con-
stant-current (CC) charge—discharge measurement of the
HTSCs by using EMIMBE, as the electrolyte at different
temperatures; the figure shows that the discharge capaci-
tance decreases drastically if the temperature is higher than
120°C. Figure S1b shows the CC curves corresponding to
Figure S1a, and it shows that the voltage drop (/R drop) at
initial discharge is very large at 120°C, probably as a result
of corrosion of the glass-fiber separator by HF derived from
the reaction of BF,” with residual H,O in the RTIL during
high-temperature charging/discharging. On the other hand,
EMIMTEFSI shows outstanding performance without appar-
ent capacitance fading or an increase in resistance even at
150°C, as we will discuss below, and thus, it was used for fur-
ther studies.
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Separator

Four types of separators were used to fabricate the HTSCs,
including cellulose, PTFE, quartz fiber, and glass fiber. In
this section, EMIMTEFSI electrolyte, an aluminum plate case,
and commercial AC were used. Figure S2a (Supporting In-
formation) shows the CC test of the HTSCs with cellulose as
the separator at different temperatures, and it is found that
the cellulose separator cannot withstand temperatures higher
than 120°C, at which the Coulombic efficiency rapidly de-
creases. Figure S2b shows the CC curves corresponding to
Figure S2a, and it shows deviation from the ideal triangle
shape at 120°C, which implies degradation of the SC. Such
degradation is probably due to the relatively low thermal sta-
bility of cellulose, which may cause an electrical short circuit
between the positive and negative electrodes. Figure S3 (Sup-
porting Information) shows the CC test results of the HTSC
with the PTFE separator at 120°C, 2.5V, and 1 Ag™'. An ini-
tial discharge specific capacitance of approximately 64 Fg™'
with a capacitance retention of approximately 87 % after
5000 cycles is observable in Figure S3a. One drawback of the
PTFE separator is that the specific capacitance is low rela-
tive to that of the glass fiber separator (/=107 Fg ' at 120°C,
2.5V, and 1 Ag™'; Figure 2a) if all of the other components
in the HTSCs remain the same. Another drawback is that
the IR drop is large (Figure S3b) and the internal resistance
is high (Figure S3c¢) relative to that found with the glass-fiber
separator (Figure 2b,c). The large internal resistance with
the PTFE separator is confirmed by cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS)
measurements. Figure S4b (Supporting Information) shows
the Nyquist plots of the HTSCs with the PTFE separator at
room temperature and 120°C, and this result shows that the
charge-transfer resistance is larger than that with the glass-
fiber separator (Figure 5 f). Figure S5a (Supporting Informa-
tion) shows the variation in the specific capacitance with the
cycle number by using the quartz-fiber separator at 120°C,
2.5V,and 1 Ag, and it shows that the capacitance retention
is approximately 80% after 5000 cycles and approximately
76 % after 10000 cycles with an initial discharge specific ca-
pacitance of approximately 108 Fg~'. The capacitance reten-
tion using the quartz-fiber separator is slightly larger than
that using the glass-fiber separator, which is approximately
75% after 5000 cycles under the same conditions. However,
the internal resistance with the quartz-fiber separator (Fig-
ure S5c¢) is also slightly larger than that with the glass-fiber
separator (Figure 2¢) if all of the other components in the
HTSCs remain the same. On the basis of the above results,
the glass-fiber separator was selected to study the HTSCs
further.

Case materials

Three types of case materials were studied for the HTSCs,
including a stainless-steel plate, an aluminum plate, and a
polyimide film. In this section, EMIMTFSI, a glass-fiber sep-
arator, and commercial AC were used. Figure S6a (Support-
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ing Information) shows the variation in the specific capaci-
tance with the cycle number by using the stainless-steel plate
case at different temperatures, and it indicates that the Cou-
lombic efficiency decreases sharply at 130°C. Figure S6b
(Supporting Information) shows the CC curves correspond-
ing to Figure S6a at different temperatures. The shape of the
CC curve at 130°C is similar to that using the cellulose sepa-
rator at 120°C (Figure S2b, Supporting Information), which
implies that electrical short circuits may be the reason for
such a CC curve. Iron in the stainless-steel plate is likely to
play a major role, resulting in electrical short circuits through
the oxidation and reduction processes during the high-tem-
perature charging/discharging measurements.”! Figure S6¢
(Supporting Information) shows that for the SC with the
stainless-steel plate, the Coulombic efficiency decreases
sharply at 120°C, at which point the CC curve (Figure S6d)
also deviates from the triangle-type curve, which thereby im-
plies breakdown of the SC. The other two types of case ma-
terials, that is, aluminum plate and polyimide film, both show
outstanding high-temperature performance, as discussed
below, and thus, they were used to study the HTSCs further.
On the basis of the above results for the electrolyte, separa-
tor, and case materials, studies on the HTSCs were per-
formed with EMIMTEFSI as the electrolyte, glass fiber as the
separator, aluminum plate/polyimide film as the case, and
commercial AC as the active material.

High-temperature performance of the optimal HTSCs
The tolerated temperature and voltage of the HTSCs

The optimal HTSCs in this section consisted of EMIMTFSI
as the electrolyte, a glass-fiber separator, an aluminum plate
case, and commercial AC. As shown in Figure S7 (Support-
ing Information), HTSCs with different operation voltages
were tested under various temperatures at 1 Ag'. Fig-
ure 1a—c shows the CC tests of the HTSCs with voltages of
3.5, 3.0, and 2.5 V. It is apparent that under a voltage of
3.5V the highest endurable temperature of the HTSCs is
90°C, at which point a dramatic decrease in the specific ca-
pacitance begins to occur (Figure 1a), and this critical tem-
perature increases to 120°C for 3.0 V (Figure 1b) and to
150°C for 2.5V (Figure 1¢). Moreover, the Coulombic effi-
ciencies of the HTSCs with the improved temperature under
3.5 and 3.0V (Figure 1a,b) tend to drop more drastically
and markedly than under 2.5V (Figure 1c). Figure 1d-f
shows the CC curves corresponding to Figure 1a—c, respec-
tively. The curves deviate from the ideal triangle shape if the
temperature is higher than 60°C for 3.5 V, higher than 100°C
for 3.0 V, and there is no noticeable deviation for 2.5 V even
at 150°C; these values are also the highest endurable temper-
atures for each operation voltage. Figure 1 g-i corresponds to
the equivalent series resistance (ESR) values calculated from
Figure 1d-f, respectively. The ESR for all operation voltages
decreases initially and then increases as the temperature in-
creases. This indicates that the HTSCs possess a limiting op-
erating temperature, above which the ESR increases rapidly.
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Figure 1. CC measurement of HTSCs at different temperatures for voltages of a) 3.5V, b) 3.0V, and c) 2.5 V. The highest temperature that supercapacitors can
withstand is 90°C for 3.5V, 120°C for 3.0 V, and 150°C for 2.5 V. d—f) CC curves of the last cycle for each temperature in panels a—c, respectively. g—i) ESR calcu-
lated from the voltage drop at the beginning of discharge in panels d—f, respectively.

Furthermore, Figure 1g—i displays that a higher operating
voltage causes a larger ESR at the same temperature, and
consequently, under high operation voltages, the HTSCs will
degrade more quickly. In conclusion, the HTSCs can operate
sufficiently at temperatures as high as 130°C within 2.5V,
because under such test conditions both the capacitance re-
tention and Coulombic efficiency exhibit good performance
(Figure 1a—c), the CC curves show nearly ideal capacitive be-
havior (Figure 1f), and the ESR is relatively low (Figure 1g—

i).

Performance at 120°C, 2.5 V, and 1 Ag"’

On the basis of the above CC test results, the performance
of the optimal HTSCs directly operating at 120°C, 2.5V, and
1 Ag' was examined. Figure 2a illustrates that the HTSCs
still possess a specific capacitance of approximately 80 Fg ™
after 5000 cycles (~75% capacitance retention) with a Cou-
lombic efficiency still >98%. Figure 2b displays the CC
curves corresponding to different cycles in Figure 2a; this
figure shows that the CC curves still possess the ideal trian-
gle shape after 5000 cycles, which implies good capacitive
properties. The ESR (Figure 2c¢) first increases and gradually
reaches approximately 30 Q after 5000 cycles, and conse-
quently, these HTSCs possess outstanding cycle stability
without a drastic increase in the ESR. The rate capabilities
of the HTSCs at 120°C and 2.5 V were also evaluated. Fig-
ure 2d shows the CC curves of the HTSCs at different cur-
rent densities, and Figure 2e displays the dependence of the
specific capacitance on the current density; both of these fig-
ures indicate excellent rate performance upon increasing the
current density from 1 to 10 Ag~". In conclusion, the HTSCs
assembled with the EMIMTEFSI electrolyte, a glass-fiber sep-
arator, an aluminum plate case, and commercial AC show
outstanding performance at 120°C and 2.5 V with an initial
specific capacitance of approximately 107 Fg~' and a capaci-
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tance retention of approximately 75 % after 5000 cycles. The
HTSCs also show good rate capability, and even under
10 Ag™!, a discharge specific capacitance of approximately
106 Fg™' is obtained.

Flexible HTSCs

The electrochemical performance and flexibility of the flexi-
ble HTSCs assembled by using the EMIMTFSI electrolyte, a
glass-fiber separator, a polyimide-film case, and commercial
AC were investigated. Figure 3a,b shows optical photo-
graphs of the flexible HTSCs and lighting of a light-emitting
diode (LED) device at 120°C, respectively. Figure 3¢ shows
the CC tests of the flexible HTSCs at 120°C, 2.5V, and
5 Ag ! without bending, which indicates that the capacitance
retention after 10000 cycles is approximately 75% with an
initial specific capacitance of approximately 101 Fg' and a
Coulombic efficiency of approximately 100 % for almost all
cycles. Figure 3d displays the CC curves of different cycles in
Figure 3¢, and it shows that the CC curves still possess the
triangle shape after 10000 cycles, which implies ideal capaci-
tive properties. Figure 3e shows the CV tests under a series
of scan rates at room temperature and 120°C. Although the
CV curves at room temperature slightly deviate from a per-
fect rectangular shape owing to the low ionic conductivity of
EMIMTFSI and a high ESR,®! they exhibit a nearly rectan-
gular-type curve at 120°C for all scan rates, which indicates
ideal capacitive properties. Figure 3 f shows the EIS spectra
at room temperature and 120°C (~4.8 Q ESR at RT and
~2.2 Q ESR at 120°C), which indicates an improvement in
the ionic conductivity and a reduction in the ESR as the tem-
perature increases. The low-frequency part in Figure 3 f pres-
ents capacitive behavior, and the HTSCs at both room tem-
perature and 120°C show ideal capacitive properties, as indi-
cated by the vertical curves.
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Figure 2. a) Cycle stability of HTSCs at 120°C, 2.5V, and 1 Ag™". b) CC curves corresponding to different cycles in panel a. c) Resy calculated from the voltage
drop in panel b. d) CC curves at 120°C with different current densities. e) Dependence of discharge specific capacitance on the current density at 120°C and
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Bending tests were next performed for the flexible devices.
Figure 4a,b shows the optical photographs of the flexible
HTSC:s in the bending state and lighting a LED device under
curvature of 0.2 mm . Figure 4c is the plot of the specific ca-
pacitance versus cycle number under different bending cur-
vatures at room temperature and 120°C, and it shows that
the specific capacitance remains unchanged under bending
curvatures of 0.05, 0.1, and 0.2 mm™' at both room tempera-
ture and 120°C. Figure 4d shows the CC curves correspond-
ing to Figure 4c, and it also indicates little change in the
shapes of the CC curves under different bending conditions.
CV measurements of the flexible HTSCs (Figure S8, Sup-
porting Information) also show little change for varied bend-
ing curvatures at both room temperature and 120°C, which
is indicative of the minor effect of bending on the per-
formance of the flexible HTSCs. In conclusion, the flexible
HTSCs assembled with the EMIMTFSI electrolyte, a glass-
fiber separator, a polyimide-film case, and commercial AC
show excellent performance at 120°C and 2.5 V with an ini-

Energy Technol. 2017, 5, 1-11

tial specific capacitance of approximately 101 Fg' and a ca-

pacitance retention of approximately 75 % after 10000 cycles.
Moreover, the HTSCs exhibit outstanding flexibility, and the
specific capacitance, CC curves, and CV curves remain essen-
tially unchanged under bending curvatures of 0.05, 0.1, and
0.2 mm ' at both room temperature and 120°C.

Degradation mechanism of HTSCs
CV and EIS testing at different temperatures

The degradation mechanism of the HTSCs was investigated
for devices assembled with the EMIMTEFSI electrolyte, a
glass-fiber separator, an aluminum plate case, and commer-
cial AC. As shown in Figure S9 (Supporting Information),
CV tests were performed at 25, 50, and 100 mVs~™!, and at
each scan rate, the test was conducted for two cycles in a cer-
tain voltage range at a preset temperature. After the CV
measurements, EIS was subsequently performed at the same

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

These are not the final page numbers! 27



Energy Technology

FULL PAPER

- )
C)2200h 2 & aaa s o o f1002
e o Charge
01601 | Discharge '80_
%120- A Coulombic efficiency L60 ¢
© ] o
2gol | © 7P 00080 J40,
o
© 40+ +20
=
(5]
o 0 v v v v 0
‘% 0 2000 4000 6000 8000 10000
Cycle number
e) 0.044 f) 70- s ® Room temperature
0.03 60] ¢ wo120°C
0.024 50+ : u, : .
50.01- @40_ ° :3 * .
£ 0.00+ 25 mV/s| RT : 30 o [} . 'y
$.0.01] o 50 mVis| RT N s =, : :
30,021 4 100 mVf, RT 20+ : i
o 25 mv/s] 120 °C 101 1
-0.031 ¢ 50mVis| 120 °C o }
-0.04 < 100 mvA, 120 ° 0; SRS RN AR RS AN BE'
0.0 05 1.0 1.5 20 25 3.0 3.5 0 10 20, 30 40 50
Voltage (V) Z' (Q)

Figure 3. Electrochemical performance of flexible HTSCs. Optical images of a) the supercapacitor and b) lighting a LED device at 120°C. c) Cycle stability of flex-
ible HTSCs in flat shape at 120°C, 2.5V, and 5 Ag~". d) CC curves of different cycles for panel c. e) CV curves of flexible HTSCs under different scan rates at
room temperature and 120°C. f) Nyquist plots of flexible HTSCs at room temperature and 120°C; inset is the enlargement.

temperature as that at which the CV tests were performed.
In a typical procedure, one HTSC was generally tested at
room temperature and at 40, 60, 80, 100, 120, 130, and
150°C. Figure 5a—c shows the CV curves under 3.5, 3.0, and
2.5V at a scan rate of 25 mVs™! with different temperatures
(other scan rates such as 50 and 100 mVs ™" are shown in Fig-
ure S10, Supporting Information). Figure 5Sa reveals that side
reactions, which may include the oxidation and reduction of
the electrolyte, glass-fiber separator, electrode, and case ma-
terials, become clear if the temperature exceeds 100°C for
the 3.5 V voltage window, as indicated by the upward current
upon charging to high voltages. Figure 5b shows that this
temperature increases to 120°C for 3.0 V, and no marked
upward current is observed for 2.5V even at 150°C (Fig-
ure 5¢). Therefore, it is concluded that more side reactions,
as indicated by the upward current, will occur for higher op-
eration voltages at high temperatures, and these side reac-
tions may include the oxidation and reduction of the electro-
lyte, glass fiber, electrode materials, and even case materials.

Energy Technol. 2017, 5, 1-11

Figure 5d—f shows the Nyquist plots of the HTSCs tested
after the CV measurements. For a typical Nyquist plot, as
shown in Figure 5 f at room temperature, the real axis inter-
cept at high frequencies represents the solution resistance of
the electrolyte (R,).'"'>*! The semicircle loop spanning
along the real axis is related to the charge-transfer resistance
(R.),"*12 which is influenced by interfacial resistance be-
tween the current collector and the active material,?” inter-
facial resistance between activated carbon particles,”?! the
type and content of the conductive filler added to the acti-
vated carbon particles,*” and the separator. The region with
a slope of 45° is generally attributed to Warburg impedance
(W,).'%12I The vertical behavior in the low-frequency region
represents the electrical double-layer capacitance (EDLC) of
the supercapacitors.?! Here, the Nyquist plots of the HTSCs
were described by equivalent circuits (ECs) in Figure S11
(Supporting Information), and the fitted data for the ECs are
listed in Table S1. From Table S1 (Supporting Information),
it is noticeable that R, continuously decreases and finally
reaches zero as the temperature increases if the CV opera-
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show that the supercapacitors can withstand 100°C for 3.5V, 120°C for 3.0 V, and 150°C for 2.5 V without a significant upward current. Panels d—f show that
R continuously decreases and becomes zero upon increasing the temperature for 2.5 and 3.0V, but it first decreases and then increases for the 3.5 V case.

tion voltage is 2.5 or 3.0V, at which fewer side reactions
occur, but R, first decreases and then increases for 3.5 V. It
is reasonable that R decreases upon increasing the tempera-
ture, because the transportation of ions becomes easier.
However, the increase in R, for 3.5 V if the temperature ex-
ceeds 100°C seems unreasonable. Actually, such an increase
in R, is likely caused by side reactions during the CV tests at
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high temperatures, and three factors were found to induce
such an increase in R, as discussed below.

Fusion of glass-fiber separator

To reveal possible reasons resulting in the increase in R, in
Figure 5d, scanning electron microscopy (SEM) was conduct-
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Figure 6. a) Scheme of a HTSC with an aluminum-plate case; surface-1 to surface-6 represent the different interfaces that were characterized. b) SEM image of
a pristine glass-fiber separator that has not undergone any electrochemical tests. c) SEM image of a glass-fiber separator that was tested at 120°C and 2.5 V
for an extended period of time. d) SEM image of a pristine electrode that has not undergone any electrochemical tests. ) SEM image of surface-3 that was
electrochemically tested at 120°C. f) SEM image of electrochemically tested surface-3 and g—j) corresponding mapping images. k) SEM image of electrochemi-

cally tested surface-1 and |-o) corresponding mapping images.

ed on several interfaces, which are designated in Figure 6a.
Figure 6b,c compares the SEM images of a pristine glass-
fiber separator and a glass-fiber separator that has under-
gone CC tests at 120°C and 2.5V for an extended period; it
is apparent that the glass fibers seem to be fused together
after electrochemical charging/discharging tests at 120°C.
The fused separator will likely make ion transport more diffi-
cult, which will result in higher ESR.

To elaborate better the relationship between R, and the
properties of the separator, the dependence of R, on the
separator thickness was studied. Figure S12 (Supporting In-
formation) shows the Nyquist plots of supercapacitors that
possess different layers of the cellulose separator. This figure
clearly indicates that R, becomes larger as the separator
layer increases, which reveals that a thicker separator will
result in a higher R value. Therefore, we can conclude that
the fusion of glass fibers will worsen the internal resistance.

Deposition of contaminations on the surfaces of the positive
and negative electrodes

Careful examination of electrochemically tested (ECT) sur-
face-3 (positive active electrode that faces the separator) re-
veals that many small particles are apparent on its surface
(Figure 6¢) relative to the number of small particles on the
pristine electrode (Figure 6d). These small particles may
block some of the pores in the AC; this is likely to make ion
transport more difficult, which will reduce the specific capac-
itance of the SCs and increase the ESR. To determine the
composition of these small particles on ECT surface-3, ele-
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ment mapping by energy-dispersive X-ray spectroscopy
(EDS) was performed. The results (Figure 6 f—j) reveal that
the deposited small particles on ECT surface-3 contain
mainly Al and Na. Moreover, ECT surface-1 (negative elec-
trode that faces the separator) is also covered by contami-
nants mainly containing Na and Si (Figure 6k—o0). The con-
stituents, derived from EDS and X-ray photoelectron spec-
troscopy (XPS), of these contaminants deposited on ECT
surface-1 and ECT surface-3 are listed in Table S2 (Support-
ing Information), and the compositions of the pristine elec-
trode and the pristine glass-fiber separator are also listed for
comparison. The EDS and XPS data are consistent with the
above element-mappings results. Moreover, Table S2 shows
that the glass-fiber separator mainly contains O, Si, Na, Al,
K, Zn, Ba, Ca, and Mg, which perfectly reveals that these de-
posited contaminants on ECT surface-1 and ECT surface-3
are from the glass-fiber separator. In conclusion, contami-
nants originating from decomposition of the glass-fiber sepa-
rator will deposit on the surfaces of both electrodes during
charging/discharging at high temperatures, and these contam-
inants may block some of the pores in the AC; this will
make ion transport more difficult, which will lead to a lower
capacitance and a higher R,,.

Separation of positive active material from current collector

Besides the fusion and deposition phenomena, spontaneous
peeling of the active material in the positive electrode from
the current collector after electrochemical tests in a harsh en-
vironment (usually at temperatures higher than 80°C and a
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voltage larger than 3.0 V) is also a critical factor contributing
to the drastic degradation of HTSCs. Importantly, after elec-
trochemical testing, a clear separation between the positive
active electrode and its current collector (the carbon-coated
Al foil) is observed. No such phenomenon is observed for
the negative electrode. Figure S13a (Supporting Information)
compares the optical images of a pristine electrode and a
fresh carbon-coated current collector with an electrochemi-
cally tested and stripped positive electrode (ECT surface-4)
and its current collector (ECT surface-5). This figure indi-
cates that, after separation, most of the carbon coated on the
current collector is stuck to the positive active electrode,
leaving an aluminum foil with little carbon on its surface.
Figure S13e,f (Supporting Information) shows the SEM
images of ECT surface-4 and ECT surface-5, which also
reveal that most of the coated carbon on the current collec-
tor is stuck to the positive active electrode side (ECT sur-
face-4). In conclusion, the fusion of the glass fiber in the sep-
arator during charging/discharging at high temperatures, de-
posits resulting from decomposition of the separator on the
surfaces of the positive and negative electrodes, and separa-
tion of the positive active material from the current collector
all contribute to the degradation of the HTSCs, including ca-
pacitance fading and ESR increases.

Conclusions

To summarize, the temperature tolerance of different super-
capacitors with various compositions of the electrolyte [1-
ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF,)
and 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfony-
l)imide (EMIMTEFSI)], separator [cellulose, polytetrafluoro-
ethylene (PTFE), and quartz-fiber and glass-fiber separator],
and case materials (stainless-steel plate, aluminum plate, and
polyimide film) was investigated, and the optimal composi-
tion included the EMIMTEFSI electrolyte, a glass-fiber sepa-
rator, an aluminum plate/polyimide-film case, and commer-
cial activated carbon (AC). On the basis of the above screen-
ing results, a flexible high-temperature supercapacitor
(HTSC) assembled with the EMIMTFSI electrolyte, a glass-
fiber separator, a polyimide-film case, and commercial AC
was fabricated, and it showed excellent performance at
120°C and 2.5V with an initial specific capacitance of ap-
proximately 101 Fg* and a capacitance retention of approxi-
mately 75% after 10000 cycles. Moreover, the flexible
HTSCs exhibited outstanding flexibility, and the specific ca-
pacitance, constant-current (CC) charge—discharge curves,
and cyclic voltammetry (CV) curves remained unchanged
under bending curvatures of 0.05, 0.1, and 0.2 mm™' at both
room temperature and 120°C. Secondly, the degradation
mechanism of the HTSCs was systematically investigated,
and three factors were found to cause the degradation,
mainly including fusion of the separator, deposition of con-
taminants resulting from decomposition of the glass-fiber
separator on the surfaces of both electrodes, and separation
of the positive active materials from the current collector.
Considering all of the above results, it is expected that find-
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ing a more stable separator would greatly improve the cycle
stability of HTSCs, and the use of a stronger binder for the
carbon-coated current collector would also improve the tem-
perature tolerance of the HTSCs. Moreover, the use of acti-
vated carbon possessing a higher specific capacitance would
further improve the performance of the supercapacitors.

Experimental Section
Fabrication of HTSCs

Briefly, 85 wt% activated carbon YP50 (Kuraray Chemicals),
Swt% carbon black (SuperP, Timcal), and 10wt% PTFE
(Dupont) were homogeneously mixed in agate mortar. Then, the
mixture was rolled into an approximately 80-100 pm thick sheet
that was punched into 14 mm diameter electrodes. After drying
at 120°C for 6 h under vacuum, the electrodes were weighted
and hot pressed onto an aluminum current collector that con-
tained conducting carbon coated on the surface, and they were
then dried at 180°C for 6 h under high vacuum. The HTSCs
were fabricated in a glove box filled with argon. The HTSCs con-
sisted of two identical electrodes and a separator, all of which
were sandwiched between two aluminum plate cases (or stain-
less-steel plate cases) sealed with rubber. For the flexible
HTSCs, a polyimide-film case (thickness of 0.05 mm) sealed with
silicone binder was used. EMIMTFSI and EMIMBF, (Lanzhou
Greenchem ILs) were used as the electrolytes. Separators includ-
ed a glass-fiber separator (Whatman, GF/A), a quartz-fiber sepa-
rator (Whatman, QMA), a PTFE separator (MINGLIE MEM-
BRANE), and a cellulose separator (NKK, TF4840).

Measurement of HTSCs

CC tests were performed on LAND and Arbin battery-testing
systems. The CV and EIS tests were performed by using an Au-
tolab (Metrohm). EIS was performed from 100 kHz to 10 mHz
at an alternating voltage magnitude of 10 mV. For the CC tests,
the gravimetric specific capacitance C, [Fg™'] was calculated ac-
cording to Equation (1):

41

C = v/ M

in which [ is the constant current [A], m is the total mass of the
two electrodes [g], and dV/d¢ [Vs™'] is the slope obtained by fit-
ting a straight line to the charge or discharge curve.

The ESR, Rggg, Was calculated according to Equation (2):

V ie
RESR = (} 5 (2)

in which Vg, is the voltage drop [V] at the beginning of dis-
charge and [ is the discharge current [A].

The Warburg constant ¢ was derived from Equation (3):

o . o
Zw:m—]'m 3)

in which Z,, [Q] is the Warburg impedance, o [Qs?] is the War-
burg constant, and o [s'] is the angular frequency. By plotting
the real and imaginary parts of Z,, versus 1/w~'? we could obtain
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two straight and parallel lines, the slopes of which were equal to
o. As the supercapacitors deviated slightly from the ideal ones,
the slopes of the real and imaginary parts were slightly different.
The Warburg constant (o) was the average value of the real one
(¢’) and the imaginary one (o”).

The capacitance, C [F], in the ECs was calculated from Equa-
tion (4):

1
C= oz 4)

in which f is the frequency [Hz] and Z” is the imaginary part of
the impedance.

The time constant, 7, [s], was calculated from Equation (5):

m:% (5)

in which f is the frequency at which the phase angle is —45°.

Characterization

The electrodes that underwent electrochemical charging/dis-
charging were first washed with acetone to remove any remain-
ing EMIMTFSI. After the electrodes were totally dried, the sur-
face composition and morphology were characterized by SEM
and EDS (JEOL, JSM-7500F). The surface components were
also confirmed by XPS with a monochromated AIK, X-ray
source (1486.71 eV photons).
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In charge: Supercapacitors that can
operate efficiently at 120 °C with high
cycling capability are rarely studied.
Also, capacitance fading and the in-
creased internal resistance of superca-
pacitors operating at high tempera-
tures have not yet been fully studied.
Herein, a high-temperature-endurable
and flexible supercapacitor operating
at 120°C with good cycle stability is
fabricated and its degradation mecha-
nism is systematically investigated.
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