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The surrounding temperature significantly impacts the electrochemical behavior of electric double-layer ca-
pacitors during operation. While low temperatures restrict the transport properties of the charge carriers and
lower the overall cell performance, higher temperatures improve the transport properties and performance but
lead to the decomposition of the materials. To address this issue, the supercapacitor’s nominal voltage must be
lowered to ensure a long cycle life. With the aim of understanding the temperature-dependent behavior of

supercapacitors based on ethyl isopropyl sulfone and acetonitrile, various electrochemical investigations at
different temperatures up to 80 °C are presented. Interestingly, these investigations reveal a contradictory
performance evolution over the temperature caused by the different solvents. Supported by the different sta-
bilities of these two electrolytes, different optimal temperature ranges of application for electric double-layer
capacitors based on these solvents can be concluded from these findings.

1. Introduction

Energy storage devices such as batteries or supercapacitors have
become essential for our life and are used in many applications related to
key sectors such as transportation, renewable energy, and consumer
electronics [1-4]. Due to the variety of applications, the requirements
for these energy storage devices can be highly diverse. Properties such as
energy density, power density, cycle life, and safety are decisive in the
selection of the most suitable energy storage technology for a particular
application [5]. Furthermore, energy storage devices must be able to
work under a broad range of temperatures, different levels of humidity,
and exposure to vibration and shock [6-8]. Therefore, the development
of energy storage devices meeting these criteria is a major challenge.

Electric double-layer capacitors (EDLCs) are nowadays considered
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the devices of choice for high-power applications [9-11]. Many efforts
are currently dedicated to improving the energy density of these devices
and, at the same time, to extend their temperature range of use toward
higher temperatures, e.g., above 60 °C [12-15]. To achieve this goal, the
development of innovative electrolytes is fundamental. The utilized
materials and surrounding temperature highly impact the charge stor-
age mechanism of EDLCs [16-18]. As higher temperatures increase ion
movement and transport properties in general, the reversible adsorption
of ions at the interphase between electrode and electrolyte is acceler-
ated. Thus, the charge storage by the formation of a double-layer is
promoted, resulting in improved performance. At the same time, the
electrolyte is more likely to decompose, leading to decreased stability
and shorter cycle life [19-21]. At lower temperatures, the movement of
ions is restricted, limiting the transport properties of the electrolyte.
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These effects strongly depend on the physicochemical and thermal
properties of the electrolyte solvent, such as viscosity, melting, and
boiling point. Thus, a system operating well at low or moderate tem-
peratures does not necessarily have to operate well at high temperatures
and vice versa.

Currently, commercially available EDLCs contain acetonitrile (ACN)
as the electrolyte solvent since its use makes possible the realization of
electrolytic solutions with high ionic conductivity, low viscosity, and,
thus, fast charge-storing processes, and high power densities [22-24].
However, the temperature and voltage ranges of ACN-based EDLCs are
limited due to ACN’s relatively low boiling point of 81.6 °C and elec-
trochemical decomposition at cell voltages of 3.0 V or higher [25]. These
characteristics limit the energy density as well as the stability at high
temperatures of EDLCs. For this reason, several alternative electrolytes
have been proposed and investigated in the last years [26-29].

Among the alternative organic solvents, sulfones exhibit one of the
highest electrochemical stabilities due to the chemical stability of the
sulfonyl group. In the past, Chiba et al. demonstrated the promising
properties of electrolytes based on ethyl isopropyl sulfone (EiPS) for
EDLCs [30,31]. Although EiPS-based electrolytes are known for their
high stability, EiPS shows higher viscosity and, thus, inferior transport
properties than state-of-the-art electrolytes based on ACN. This limits
the high-power capabilities of this alternative class of electrolytes and
causes higher internal resistance in the ELDCs containing this solvent,
especially at low to moderate temperatures. However, our group has
recently shown that when utilized at high temperatures (60-80 °C), the
performance of EiPS-based EDLCs improves significantly and becomes
even superior to that of devices containing the state-of-the-art electro-
lyte [32]. These results indicated that the use of EiPS-based electrolytes
could be an effective strategy for the realization of EDLCs operating at
high temperatures (60-80 °C), which are particularly challenging for
conventional devices. However, further modification of the electrolyte is
needed to reduce the resistance of devices based on EiPS and, at the
same time, their electrochemical behavior at high temperatures must be
understood in detail.

With the aim to gain information about these important points, in
this study, we investigate in detail the behavior of EiPS-based EDLCs at
different temperatures. The study utilized electrolytic solutions con-
taining EiPS and the salts tetraethylammonium tetrafluoroborate
(TEABF,4) and N,N-dimethylpyrrolidinium tetrafluoroborate (Pyr;;BF4)
[33,34]. The electrochemical behavior of the devices containing these
alternative electrolytes has been compared to that of devices containing
the 1 m Pyr;1BF4 in ACN. This latter electrolyte has been selected since it
shows higher performance and stability than conventional electrolytes
containing TEABF,4 [35]. The influence of the temperature on the in-
ternal resistance, capacitance, and energy of the investigated EDLCs
operating between 20 and 80 °C has been considered in detail. This
revealed a contradictory evolution of the electrochemical performance
of the devices containing these two solvents. While the electrochemical
performance of EDLCs based on ACN fades with increasing temperature,
the properties of devices based on EiPS improve to ultimately become
comparable to the reference system at 80 °C. Furthermore, the impact of
EiPS on the stability and self-discharge of EDLCs at different tempera-
tures has been analyzed. This highlights the remarkably high stability of
1 m Pyr;1BF, in EiPS at high temperatures and high voltages.

2. Experimental section
2.1. Electrolyte preparation

The solvent EiPS was supplied from E-Lyte Innovations GmbH with a
purity of 99.3% and a water content of <5 ppm and was used as
received. The solvent ACN was purchased from Sigma-Aldrich with a
purity of 99.8% and dried by adding a molecular sieve with a molecular
pore size of 3 A (Chemiewerk Bad Kostritz). The salts TEABF,4 and
Pyr11BF4 were supplied by IoLiTec, both with >99% purity. Both salts
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were dried for 24 h in a vacuum glass oven at 80 °C and 1 x 102 mbar
before use. For the following reported electrochemical investigations,
the electrolytes 0.5 m TEABF, in EiPS, 1 m Pyr;1BF, in EiPS, and 1 m
Pyr;1BF4 in ACN were used.

2.2. Physicochemical properties

To measure the ionic conductivity of the electrolytes, a conductivity
cell was placed in a Binder MK 53 climatic chamber to adjust the tem-
perature in a range between -30 — 80 °C and measured with a Modulab
XM ECS potentiostat according to a procedure described before [36].
The electrolyte’s viscosity was determined using an Anton-Paar MCR
102 rotational viscometer with an applied shear rate of 1000 s~'.
Following a procedure described before, 500 pL of electrolyte were used
for the measurement in a temperature range between -30 — 80 °C for the
EiPS-based electrolytes and -30 — 50 °C for the ACN-based electrolyte
[36].

2.3. Cell preparation

The electrodes utilized for the electrochemical measurements were
provided by Skeleton Technologies with a mass loading of 7.5 mg cm ™2
and an electrode area of 1.13 cm?. Before application, one side of the
activated carbon coating from the double-sided coating was removed
with ethanol to match the experimental setup described below.

Electrochemical measurements were carried out in Swagelok-type
cells in a two-electrode setup. Two identical electrodes (symmetrical
cell) were used and separated with a 520 pm Whatman glass fiber disk
soaked with 120 pL of the respective electrolyte. The cells were
assembled in an argon-filled LABmaster pro glove box by MBRAUN. The
content of Hy0 and O inside the glove box was not exceeding 1 ppm.

2.4. Electrochemical measurements

Temperature-dependent potentiostatic impedance spectroscopy was
carried out in a climatic chamber (Binder KB 53) in a temperature range
of 20-80 °C. Fresh cells were conditioned with galvanostatic charge-
discharge for 100 cycles with a current rate of 1 A g~ in a voltage
range of 0-2 V at 20 °C before impedance spectroscopy. Impedance
spectra were recorded in a frequency range of 100 kHz-10 mHz with a
BioLogic MPG-2 potentiostat starting at 20 °C. After each measurement,
the temperature was increased by 1 °C before performing the following
impedance spectroscopy resulting in a temperature staircase similar to
the one shown in Fig. 1a.

Temperature-dependent galvanostatic charge-discharge was per-
formed with a BioLogic MPG-2 potentiostat in the same climatic
chamber in the same temperature range with a current rate of 1 Ag ! to
derive the specific energy. In a voltage range between 0 and 2.7 V, the
cells were cycled five times before increasing the upper voltage limit in
steps of 50 mV. After each increase, another five cycles were performed
until reaching a limit of 3.4 V. This protocol was repeated every 2 °C
starting from 20 °C until reaching 80 °C (Fig. 1). The cells used were
conditioned as the cells used for temperature-dependent impedance
spectroscopy before the actual measurement.

The electrochemical stability window was measured at four different
temperatures (20 °C, 40 °C, 60 °C, and 80 °C) using a Binder KB 53
climatic chamber. Linear sweep voltammetry (LSV) was employed at a
scanning rate of 1 mV s ! utilizing a Biologic MPG-2 potentiostat. To
determine the respective anodic and cathodic electrochemical stability
limits, separate LSV tests were conducted. These tests involved scanning
from the open-circuit potential towards more positive potentials (anodic
limit) or more negative potentials (cathodic limit). The working elec-
trode consisted of a platinum electrode, while a self-standing oversized
activated carbon electrode served as the counter electrode. As a quasi-
reference electrode, an Ag wire was utilized.

The electrochemical stability of the electrolytes was investigated by
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Fig. 1. Schematic illustration of a) the temperature staircase during temperature-dependent electrochemical impedance spectroscopy and galvanostatic charge-
discharge measurements with temperature steps of 2 °C, and b) the charge-discharge protocol performed every 2 °C with 1 A g '. The voltage limit was
increased by 50 mV starting from 2.7 V until reaching 3.4 V after 5 cycles were performed per voltage limit.

performing float tests at different voltages and temperatures for 500 h
with an Arbin LBT21084 potentiostat. After assembling, the cells were
conditioned as described before and placed in a Binder KB 53 climatic
chamber for temperature adjustment. Every 20 h, five galvanostatic
charge-discharge cycles were performed with a current rate of 1 A g™*
between 0 V and the applied float voltage to determine the specific
capacitance of the cell.

Self-discharge measurements were performed with a BioLogic VMP-
3 potentiostat at different temperatures in a Binder KB 53 climatic
chamber. After holding the voltage constant at 3.0 V for 10 min-20 h,
the self-discharge was measured by recording the open-circuit potential
for 24 h. To avoid differences caused by the cell assembling, the same
cells were used to measure the self-discharge at all temperatures,
starting at 20 °C. Before the self-discharge measurements, the cells were
conditioned as described before.

2.5. Electrochemical data evaluation

The capacitance C of the temperature-dependent impedance spec-
troscopy was calculated by
—1

" 2afim(z)

with f being the frequency and Im(Z) the imaginary quantity of the
complex resistance. The presented time t corresponds to the reciprocal
value of the applied frequency f, yielding t = 1/f. The showcased spe-
cific capacitance corresponds to the capacitance of the cell containing
two electrodes.

The maximum energy Ep.x was calculated by integrating the
discharge semi-period of the instantaneous power p(t):

T T
Epu = / p(i)di = / V(0)it)ds
1o to

with ¢y being the initial time and T the final time of the discharge, v(t)
and i(t) being the instantaneous voltage and current. The maximum
power Pp o, corresponds to the maximum of the modulus function of p(t).

The capacitance during float tests was determined for the last
discharge cycle of the galvanostatic charge-discharge between each
floating period. The linear extrapolation was performed utilizing the
latter 90% of the voltage profile to exclude the initial voltage drop from
the extrapolation. Finally,

1
T dv/de

yields the capacitance C with I being the applied current and dV/dt
the resulting slope from extrapolation of voltage V over time t.

3. Results & Discussion

In order to understand the impact of the temperature on the resis-
tance of EiPS-containing EDLCs, electrochemical impedance spectros-
copy (EIS) was performed in these devices in their discharged state.
During the measurement, the temperature was increased incrementally
(in steps of 1 °C) from 20 to 80 °C. For comparison with the state-of-the-
art electrolyte solvent, an EDLC based on 1 m Pyrj1BF4 in ACN was
investigated following the same procedure. As shown in Fig. 2, the
Nyquist plots obtained from these temperature-dependent EIS mea-
surements show that the systems containing 0.5 m TEABF4 in EiPS
(Fig. 2a) and that containing 1 m Pyry1BF4 in EiPS (Fig. 2b) display
different behavior. While an increase in temperature strongly decreases
the resistance of both devices, as indicated by the shift toward lower
values on the real axis, the lower concentrated electrolyte based on
TEABF, displays overall higher resistances. At the same time, an in-
crease in temperature reduces the prominence of the Warburg imped-
ance in both systems, highlighting the improved ion transport at higher
temperatures. Compared to the EDLCs based on EiPS, the reference
system containing ACN displays significantly lower resistances (Fig. 2c)
and better transport properties as indicated by the less dominant War-
burg impedance. However, in contrast to EiPS, the lower boiling point of
ACN causes the systems’ performance to begin to decrease at a tem-
perature of ca. 55 °C, as indicated by the spectra shifting to higher
resistance values. The different influences of EiPS and ACN on the cell
resistances can be correlated to the physicochemical properties of the
electrolytes (Fig. S1 in Supplementary Information (SI)). Finally, all
spectra feature a capacitive tail at low frequencies whose height de-
creases with increasing temperature. Following equation (1) with C
being the capacitance, f the frequency, and Im(Z) the imaginary part of
the complex resistance, the decrease of the imaginary quantity indicates
an increase in capacitance.

—1

C=2aim(2) W

Thus, the maximum amount of energy that can be stored increases for
both EDLCs according to equation (2):

Enux = 2CV? )

With Epn.x being the maximum energy and V being the cell voltage.
However, it is important to note that EIS performed in the discharged
state does not promote the electrochemical decomposition of the de-
vices. Thus, a loss of capacitance or energy due to electrochemical
degradation processes cannot be observed by EIS to an extent as with
other techniques, such as galvanostatic charge-discharge (GCD). That
means that this observation of increasing capacitance and energy is not
necessarily true for cycling EDLCs galvanostatically while increasing the
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Fig. 2. Influence of the temperature on the impedance of symmetric EDLCs based on a) 0.5 m TEABF, in EiPS, b) 1 m Pyry,BF, in EiPS, and c-d) 1 m Pyr;;BF4 in ACN
in a frequency range from 100 kHz-10 mHz and a temperature range from 20 to 80 °C with a temperature difference between each recorded impedance spectrum

of 1 °C.

temperature since other effects might influence their performance.

In addition to the resistance, EIS can be used to gain information
about the kinetics of the energy storage mechanism of an EDLC. When
considering the semi-periodical signals of current and voltage during
GCD comparable to the sinusoidal signals of current and voltage during
EIS, the reciprocal value of the applied frequency during EIS — which is a
time — can be treated as a charge-discharge time. Thus, this time rep-
resents the given timeframe for forming and dismantling the electric
double-layers on the electrode surfaces. Although the charge storage
process is relatively fast compared to other energy storage technologies,
this process is not occurring instantaneously but requires a specific time
depending on the properties of the utilized materials, such as pore and
ion sizes, transport properties, and the nature of the solvent shell.
Therefore, evaluating a particular system’s limits is of great interest. To
evaluate the quantity of this time limitation, the specific capacitance
(equation (1)) can be correlated with the time or frequency, respec-
tively. In this case, since the only component differentiating the devices
is the electrolyte, this plot provides a clear indication of the influence of
this component on the performance of the investigated EDLCs. As shown
in Fig. 3, due to the limited transport properties of EiPS-based electro-
lytes, EDLCs containing EiPS as the electrolyte solvent show relatively
low specific capacitance at 20 °C (Fig. 3a-b) and require longer times for
the double-layer formation compared to the ACN-based EDLC (Fig. 3c).
The much shorter time required to form high-capacitive double-layers in
this latter device is clearly due to the superior transport properties of its
electrolyte. When increasing the temperature, the charge storage pro-
cess accelerates independently on the used electrolyte enabling higher
achievable capacitance values at the same charge-discharge time.

In the case of the device containing 0.5 m TEABF, in EiPS, at a charge-
discharge time of 20 s, the specific capacitance increases from 11 F g~}
at 20 °Cto 16 F g~ ! at 80 °C. In the same charging time, the EDLC based
on 1 M Pyry1BF4 in EiPS achieves a specific capacitance of 12 F g’1 at
20 °C, increasing to 16 F g~! at 80 °C. This increase in capacitance
caused by the temperature is also significantly reducing the time needed
to reach a specific capacitance value. For example, in the cases discussed
above, an increase in temperature from 20 °C to 80 °C reduces the time
needed to reach the maximum capacitance observed at the lower tem-
perature by 75% (from 20 s to 5 s). As expected, the better transport
properties and lower diffusion limitation of ACN enable much faster
charge-discharge times (<1 s) compared to that possible in the EiPS-
based devices. These results are clearly indicating that the nature of
the solvent has a tremendous impact on the capacitance as well as on the
time of charge-discharge of EDLCs.

Although of great importance, the capacitance, and the suitable
timeframe for the charge-discharge of devices are not the only

parameters of importance for the evaluation of a novel electrolyte. Also,
the electrochemical stability is a property that needs to be carefully
addressed as it strongly affects the stability of the devices at a defined
cell voltage. For this reason, GCD measurements were performed to gain
information about this important aspect. Since the stability of an EDLC
strongly depends on the applied voltage, it is important to identify the
impact of the voltage at a certain temperature on the characteristic
parameters of the cell. A common way to describe the stability of a
supercapacitor is to report the specific capacitance or capacitance
retention. By giving detailed information about the charge storage
capability in a certain voltage window, this parameter is suitable for
tracking changes in the interaction of electrode material and electrolyte
ions caused by degradation processes. However, important factors such
as the resistivity of the utilized materials have only a minor influence on
the capacitance since the capacitance should be constant over the
operating voltage range in ideal EDLCs. Thus, a parameter giving a more
comprehensive overview of the performance of an EDLC would be the
specific energy since it includes the capacitance as well as the voltage,
which is influenced by the cell resistance through overpotentials. It is
essential to remark that the specific energy should not be computed by
equation (2) in this case since this would exclude the influence of the
resistance when inserting the applied upper voltage limit into the
equation. Instead, the energy should be derived from the integration of
the instantaneous power during GCD, which equals the product of the
instantaneous current and voltage and, thus, considers the influence of
the resistance. The voltage profiles of the three investigated electrolytes
obtained from GCD are depicted exemplary for cell voltages of 2.7 V, 3.0
V, and 3.4 V in Fig. 4 and were recorded in a temperature range of
20-80 °C at a current density of 1 A g~'. In general, all systems show the
triangular behavior typical for EDLCs indicating a constant capacitance
over the investigated voltage range. Thus, when increasing the cell
voltages, the charge-discharge periods become longer. The voltage
profiles highlight the dependency of the resistance on the temperature,
as discussed for the impedance spectra before by the evolution of the
ohmic drop. In the case of the EiPS-based electrolytes (Fig. 4a-b), the
ohmic drops significantly decrease with increasing temperatures leading
to higher exploitable voltage ranges. Thus, the duration of the full
charge-discharge period increases. Since the measurement is performed
with a constant current, the longer charge-discharge times indicate
higher amounts of storable charges and, thus, higher energies at the
same time. Furthermore, the difference in resistivity between the 0.5 m
TEABF, in EiPS and 1 m Pyr;1BF4 in EiPS becomes clear by this obser-
vation. While the EDLCs containing EiPS display improved performance
at higher temperatures, the ACN-based device shows a contradictory
behavior (Fig. 4c). The low resistance of the latter system increases with
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trum of 1 °C. The reciprocal quantity of the frequency corresponds to the shown
time and indicates the charge-discharge time. The black contour lines show the
development of the specific capacitance at the indicated values.

increasing temperature leading to shorter charge-discharge periods.
Comparing the two systems containing Pyr;1BF4, at 80 °C, the charge-
discharge times become comparable, demonstrating a similar perfor-
mance under these conditions.
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Fig. 5 compares the specific energy of EDLCs based on the investi-
gated electrolytes from the described GCD (carried out at 1 A g~ 1) with
different upper voltage limits in a range from 2.7 to 3.4 V. As shown, the
variation of the quantity of the specific energy with the changing voltage
and temperature are strongly affected by the electrolyte utilized in the
devices. As expected, the ACN-based EDLC shows a higher energy
storage capability over the investigated voltage and temperature ranges
(specific energy of 45.1 Wh kg™! and 36.9 Wh kg™! at 20 °C and 80 °C,
respectively). However, it is important to notice that these devices show
a gradual decrease of specific energy with increasing temperature,
highlighting the limited performance of ACN-based supercapacitors at
elevated temperatures. This is not the case for the EiPS-based EDLCs,
which continuously increase their energy density with the temperature
and display a maximum at 80 °C independently of the cell voltage.
However, it is important to observe that the selection of the conductive
salt has a tremendous impact on the achievable specific energy. While
the EDLC containing 0.5 m TEABF, in EiPS stores 21.6 Wh kg ™! at 80 °C
and 3.4 V, that containing 1 m Pyr;,BF, in EiPS achieves 35.5 Wh kg™?
under the same conditions. The different trend observed between ACN
and EiPS-based devices confirms that this latter solvent is particularly
suited for applications at high temperatures. Based on these results from
temperature-dependent EIS and GCD, the electrolyte 1 m Pyr;;1BFy4 in
EiPS was selected over 0.5 m TEABF, in EiPS for further investigation
due to its more promising properties and higher specific power.

To further showcase the different development in the performance of
EiPS-based and ACN-based electrolytes with increasing temperatures,
Fig. 6a shows the temperature-dependent evolution of specific energy
and maximum specific power of the investigated devices when tested at
1A g‘l. Selecting 2.7 V, 3.0 V, and 3.4 V out of the investigated range of
voltage limits shown before, each device shows the highest specific
power at a voltage of 3.4 V. At the same time, the lowest power is
observed at 2.7 V due to the applied constant current rate (1 A g 1). The
EiPS-based device significantly improves specific energy and maximum
specific power when increasing the temperature to 80 °C. In contrast, the
ACN-based electrolyte, which shows the highest specific energy and
power, displays a contradictory trend as indicated by the arrows. With
increasing temperature, the performance becomes worse. Furthermore,
the temperature-dependent evolution of specific energy and power
highlights the convergence of both pyrrolidinium salt-based systems in
terms of performance at high temperatures. At 80 °C, the alternative
electrolyte is thus quite comparable to the state-of-the-art. Fig. 6b shows
the ragone plot of the considered pyrrolidinium-based electrolytes at
different temperatures obtained by galvanostatic cycling at different
current rates up to 3.0 V. As observed before, the EDLCs show contra-
dictory trends in the evolution of their performance based on the utilized
solvent. While the decrease in performance of the ACN-based device at
high temperatures is relatively small, the improvement in performance
of EDLCs containing EiPS is pronounced especially at higher current
rates. Here, EiPS-based EDLCs benefit most from the improved transport
properties when increasing the temperature. This highlights the possi-
bilities of EiPS-based electrolytes at high temperatures for high-power
applications.

The stability and lifetime of EDLCs under certain conditions can be
investigated by float tests that keep the device in a charged state for a
longer time. Performing float tests at different temperatures and volt-
ages enables an estimation of their impact on the grade of degradation
and its impact on the electrochemical performance. This extends the
understanding of temperature-dependent stability gained from assessing
the electrochemical stability window (Fig. S2 in the SI). From this be-
comes clear, that the voltage window shrinks for both electrolytes when
increasing the temperature from 20 °C to 80 °C. Fig. 7 shows the evo-
lution of the capacitance retention of EDLCs containing 1 m Pyr;1BF,4 in
EiPS and ACN as electrolytes at different temperatures and floating
voltages. At 20 °C (Fig. 7a), both systems display high stability against
degradation and can be operated up to a voltage of 3.4 V without im-
mediate failure. While the ACN-based electrolyte shows a faster aging
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process and retains 51% of its initial capacitance after 500 h, the EiPS-
based electrolyte features a higher stability with a capacitance reten-
tion of 84%. When increasing the voltage to 3.6 V, the electrolyte based
on ACN decomposes significantly at the beginning of the floating,
causing a fast loss of capacitance with 57% of capacitance retention after
60 h. On the other hand, the alternative electrolyte based on EiPS still
shows high stability under these conditions, displaying a capacitance
retention of 77% after floating for 500 h. At an increased temperature of
60 °C, degradation processes are promoted due to the higher available
energy. Thus, the operating voltage has to be reduced to operate the
devices under stable conditions. As depicted in Fig. 7b, EiPS-based
EDLCs show an initial decrease in capacitance retention after the first
hours of floating, indicating the presence of decomposition reactions.
However, the systems stabilize after this initial degradation indicating
the formation of a passivation layer, as discussed in a previous work with
0.5 m TEABF, in EiPS as the electrolyte [32]. This initial degradation
causes a loss in capacitance and, thus, a lower number of storable
charges and energy but, once it is ended, it increases the system’s
long-term stability. Due to this behavior, the EDLCs based on EiPS
display capacitance retentions of 79% at 3.2 V and 69% at 3.4 V,

respectively, after floating for 500 h. In contrast, the devices based on
ACN display no change in the speed of degradation and age faster with
capacitance retentions of 51% after 300 h of floating at 3.2 V and 52%
after 100 h of floating at 3.4 V. When increasing the temperature further
to 80 °C, the aging of the devices accelerates further as well (Fig. 7c).
Especially the ACN-based EDLCs suffer at this high temperature, which
is close to the boiling point of the solvent (81.6 °C) [25]. Fast aging
occurs, leading to capacitance retentions of 58% after floating for 60 h at
3.0 V and 19% after floating for 40 h at 3.2 V. The EDLCs based on EiPS
show much higher stability at this temperature. As observed in the first
hours of floating at 60 °C, also at 80 °C the capacitance decreases in the
first floating period. While the degradation continues when floating at
3.2 V to reach a capacitance retention of 35% after 160 h, the EDLC
stabilizes at a voltage of 3.0 V and features a capacitance retention of
72% after 500 h. These floating results highlight the interesting prop-
erties of EiPS-based electrolytes that show high stability under harsh
conditions where electrolytes based on the state-of-the-art solvent ACN
degrade. However, this stability comes with the price of losing energy
storage capability to form a passivation layer that prevents the system
from further degradation and a higher resistance compared to
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ACN-based electrolytes as discussed before.

Compared to other energy storage systems, such as batteries,
supercapacitors suffer from relatively high self-discharge which is
related to the underlying charge storage mechanisms. In addition, the
intensity of the self-discharge strongly depends on the utilized electrode
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Fig. 6. a) Temperature-dependent evolution of the maximum specific power
and specific energy of symmetrical EDLCs in a temperature range of 20-80 °C.
The EDLCs based on the electrolytes 1 m Pyry;1BF, in EiPS and 1 m Pyr;;BF, in
ACN were cycled galvanostatically with 1 A g~! with increasing temperature.
The upper voltage limits of 2.7 V, 3.0 V, and 3.4 V were selected as represen-
tatives. The arrows indicate the direction of performance evolution with
increasing temperature. b) Ragone plot of symmetrical EDLCs containing 1 m
Pyry1BF, in EiPS and 1 m Pyr;1BF,4 in ACN at different temperatures and current
rates when cycled galvanostatically to 3.0 V. The dashed lines represent the
times required to fully (dis)charge the EDLCs at the respective current rates.
The arrows indicate the direction of performance evolution with increasing
temperature.

and electrolyte materials. To assess the influence of the considered
electrolytes on the loss of stored energy during operation, self-discharge
measurements were performed. For a better relation to the previous
results on the stability, the measurements were conducted at three
different temperatures, namely 20 °C, 60 °C, and 80 °C. Fig. 8 depicts the
voltage retention after self-discharging EDLCs containing 1 m Pyr;1BF4
in EiPS and 1 m Pyr11BF4 ACN as electrolytes for 24 h from a starting
voltage of 3.0 V. At a temperature of 20 °C (Fig. 8a), both EDLCs show
similar behavior when increasing the initial holding time before the self-
discharge. However, the ACN-based system generally shows lower self-
discharge compared to the EDLC based on EiPS. In addition, a longer
holding time has a more beneficial effect on the former system, reducing
the loss in voltage from 41% at a holding time of 10 min to 20% after
holding for 20 h. On the other hand, the self-discharge of the EiPS-based
EDLC is less affected by the holding time, showing an improvement from
57% of lost voltage to 47% when prolonging the holding time from 10
min to 20 h. The voltage profiles corresponding to the presented voltage
retentions are shown in Fig. S3 of the SI. At increased temperatures,
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EDLCs are known to have increased self-discharge due to faster ion
transport [37,38]. This behavior can be observed for both devices at
60 °C (Fig. 8b). These accelerated self-discharge processes lead to higher
voltage losses at a holding time of 10 min. While the EDLC based on ACN
retains 39% of the initial voltage, the device based on EiPS can retain
only 22%. However, when increasing the holding time at this temper-
ature, the sulfone-based electrolytes benefit more from the longer
holding time as both voltage retention curves approach each other. At
the highest investigated temperature of 80 °C, the self-discharge in-
creases further for the supercapacitor containing ACN leading to a
voltage loss of 67% (Fig. 8c). Surprisingly, the EiPS-based EDLC is not
losing further in voltage but less than at 60 °C. This might be connected
to the formation of a passive layer, as described in a previous work for
the electrolyte 0.5 m TEABF, in EiPS, which was attributed to the partial
degradation of the solvent [32]. This faradic process was found to occur
at temperatures of 60 °C or higher and voltage of 3.0 V or higher. Thus,
the consumption of charges would lead to an additional faradic contri-
bution to the self-discharge as long as the formation of the passivation
layer is not complete. In fact, the voltage profiles for this electrolyte at
60 °C show an additional area with a different slope between the initial
charge-redistribution at the beginning of the process and the gradual
decrease due to ohmic leakage in the later part of the measurement
(Fig. S4e in the SI). With elapsing time holding the voltage at 3.0 V, the
faradic contribution disappears, leading to less self-discharge. Finally,
the EiPS-based EDLC shows less self-discharge at a constant voltage
holding time than the system based on ACN, represented by voltage
retentions of 51% and 45%. Considering the EiPS’ self-discharge
behavior at higher temperatures, this solvent seems suitable for appli-
cation in EDLCs in high-temperature surroundings when high stability
and longevity of the energy storage device are desired.

4. Conclusion

Investigating the temperature-dependent behavior of alternative
electrolytes based on EiPS and an ACN-based electrolyte as a reference
gave interesting insights into the evolution of the electrochemical per-
formance of EDLCs with increasing temperature. As electrolytes con-
taining EiPS naturally have higher viscosity and lower ionic
conductivity than the state-of-the-art ACN, EDLCs containing EiPS as the
electrolyte solvent are limited in terms of high power capability and
display higher internal cell resistance. We showed by temperature-
dependent impedance spectroscopy that this resistance can be reduced
by increasing the surrounding temperature. This improves the electro-
chemical performance at higher temperatures at the same time, as seen
by temperature-dependent charge-discharge measurements. In contrast,
electrolytes based on ACN lose performance with higher temperatures.
This aligns EiPS- and ACN-based electrolytes at 80 °C, demonstrating the
potential of EiPS for high-temperature applications. Especially due to
the fact that EiPS-based EDLCs feature significantly higher stability
against high voltage than ACN-based devices, as demonstrated by
floating tests. This enables the operation of a symmetrical EDLC con-
taining 1 m Pyry1BF4 in EiPS as electrolyte at a nominal voltage of 3.0 V
and 80 °C while maintaining 72% of the initial capacitance after floating
for 500 h. Lastly, the temperature significantly impacts the self-
discharge behavior of EDLCs based on these solvents as well. While
the conventional electrolyte displays less self-discharge at lower tem-
peratures, the electrolyte based on EiPS improves with increasing tem-
perature to show less self-discharge at 80 °C. Based on these results, the
novel electrolyte formulation 1 m Pyr;1BF4 in EiPS offers reduced in-
ternal cell resistance and improved electrochemical performance,
especially at high temperatures and high rates compared to other elec-
trolytes based on EiPS. Thus, it appears as an interesting electrolyte
option for the development of high-temperature EDLCs that operate
stably at high voltages. This could potentially offer a solution for ap-
plications in high-temperature surroundings in the future.
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