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promising technologies.[1] EDLCs display 
high power densities and extremely high 
lifetime which makes them the technology 
of choice for a variety of applications 
requiring a fast and continuous delivery 
of energy. However, as the energy density 
of these devices is rather limited (5–8 Wh 
kg−1), their use is currently limited to 
applications that require a relatively low 
amount of energy.[2] As indicated by sev-
eral studies, an increase in energy den-
sity would lead to a drastic increase in 
the number of possible applications for 
EDLCs.[3] Furthermore, it would enable 
the use of these devices as replacement 
for established battery systems in fields 
where high power is required.[4] This 
latter application is particularly interesting 
because nowadays the use of batteries 
in high-power applications is typically 
leading to increased cell degradation and, 

consequently, to increased cost due to early system failure. For 
this reason, in the available electric vehicles, EDLCs are often 
applied as a support to reduce the load on the main battery 
system during rapid acceleration and power uptake by regener-
ative braking. It has been shown that this hybrid energy storage 
solution results in improved performance while extending the 
lifetime of the battery system.[5] Nonetheless, further improve-
ments are urgently needed to extend the battery life even more.

For these reasons, current research focuses on the develop-
ment of EDLCs with improved energy density. To reach this 
goal, the electrode capacitance needs to be maximized and, at 
the same time, the operating voltage of these systems needs to 
be significantly increased. While commercially available devices 
are limited to operating voltages of up to 3.0 V, an increase to 
3.2 V or more would increase the energy density significantly. 
The operating voltage of EDLCs is mainly determined by the 
onset of electrolyte decomposition at the electrode surface.[6] 
The state-of-the-art electrolytes consist of solutions containing 
ammonium-based conducting salt, e.g. tetraethylammonium 
tetrafluoroborate (TEABF4), dissolved in acetonitrile (ACN).[7] 
These electrolytes display high conductivity but guarantee 
high stability only if used in devices with a maximum voltage 
of 3 V.[8] With the aim to overcome this limitation and realize 
high-voltage EDLCs, a variety of novel solvents, salts, and ionic 
liquids have been investigated in the last years.[9] Although 

Two of the main weaknesses of modern electric double-layer capacitors are 
the rather limited ranges of operating voltage and temperature in which 
these devices do not suffer from the occurrence of irreversible decomposition 
processes. These parameters are strongly interconnected and lowering the 
operating voltage when increasing the temperature is unavoidable, so as 
to protect the electric double-layer capacitor from damage. With the aim to 
maintain the operating voltage as high as possible at elevated temperatures, 
in this study, the application of ethyl isopropyl sulfone as an electrolyte 
solvent for electric double-layer capacitors is presented. It is shown that 
ethyl isopropyl sulfone-based electrolytes display excellent thermal and 
electrochemical stability enabling high capacitance retention after floating 
tests for 500 h at 60 and 80 °C, e.g. 68% at 3.4 V at 60 °C. A possible reason 
for the above-average stability is that decomposition products of ethyl 
isopropyl sulfone can deposit on the electrode surface which may act as a 
passivation layer and prevent further degradation.
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1. Introduction

The great efforts to reduce the dependency on fossil fuels and 
energy of the global society increase the demand for electric 
energy storage tremendously. Besides batteries and fuel cells, 
electric double-layer capacitors (EDLCs) are among the most 

© 2022 The Authors. Advanced Energy Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the 
Creative Commons Attribution-NonCommercial License, which per-
mits use, distribution and reproduction in any medium, provided the 
original work is properly cited and is not used for commercial purposes.
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encouraging results have been obtained, these novel electro-
lytes have not yet been introduced in commercial devices. Thus, 
the development of novel electrolytes is currently seen as a key 
factor for the realization of high-energy EDLCs.

EDLCs utilizing organic electrolytes can operate properly 
only in a limited range of temperatures. This range is set by the 
usually low boiling point and high volatility of the organic sol-
vent. At high temperatures, the electrolyte solvent starts to evap-
orate, which results first of all in poor cell performance due to 
less liquid solvent molecules and pore blocking by the adsorp-
tion of gaseous solvent molecules. Additionally, solvent evapo-
ration leads to a security risk by the internal pressure buildup 
inside the cell housing and, in the worst case, to a venting 
event or even the explosion of the cell.[10] Additionally, increased 
temperatures accelerate parasitic reactions by providing the 
necessary activation energy for a given decomposition reaction 
and enable faster transport of fresh reactants toward the elec-
trode surface and products away from the electrode surface. For 
this reason, one important aspect to be considered while devel-
oping novel electrolytes for EDLCs is the electrochemical and 
chemical stability at high temperatures.

Among the alternative considered electrolyte solvents, sul-
fones seem to be promising candidates for the application in 
high-voltage EDLCs operating at elevated temperatures as 
shown by Chiba et al.[11] Ethyl isopropyl sulfone (EiPS), in par-
ticular, displays a higher boiling point than common and indus-
trially used solvents like propylene carbonate and acetonitrile, 
comparable physicochemical properties such as viscosity and 
dielectric constant, and low reactivity with water, resulting in 
high electrochemical stability.[11] Schütter et  al. demonstrated 
the high electrochemical stability of this alternative solvent and 
were able to show that its use in EDLCs allows the realization 
of devices with an operating voltage of 3.4 V.[12] These proper-
ties make EiPS an interesting electrolyte solvent for applica-
tion in high-voltage EDLCs. Nevertheless, further investigation 
is needed to understand the electrochemical performance of 
EDLCs based on EiPS at elevated temperatures.

In order to get further insights, the electrochemical behavior 
of high-voltage EiPS-based EDLCs at different temperatures, 
ranging from 20 to 80 °C is studied in this work in detail. The 
decomposition products generated in these devices have been 

investigated in detail utilizing post-mortem gas chromatog-
raphy-mass spectrometry (GC-MS) and X-ray photoelectron 
spectroscopy (XPS) in order to gain a deeper understanding of 
the underlying degradation mechanisms. The former technique 
has been utilized to analyze the degradation products present in 
the electrolyte, while the latter has been used to analyze those 
present on the electrode surface.

2. Results and Discussion

In order to understand the behavior of EiPS-based electrolytes, 
a solution containing this solvent and the state-of-the-art salt 
TEABF4 was prepared. As indicated by Chiba et  al., EiPS has 
a limited ability to dissolve salts. For this reason, it is chal-
lenging to realize highly concentrated electrolytes utilizing 
this solvent.[11] In the case of this study, we investigated the salt 
TEABF4 at a concentration of 0.5 m in EiPS. This concentration 
is the highest achievable with this solvent–salt combination at 
room temperature. The properties of this alternative electrolyte 
have been compared to that of the state-of-the-art electrolyte 1 m 
TEABF4 in ACN. Figure 1a depicts the ionic conductivity of the 
considered electrolytes in a temperature range of −30–80 °C. As 
shown, over the whole temperature range, the ACN-based elec-
trolyte displays higher ionic conductivity than the alternative 
electrolyte based on EiPS. While the ACN-based electrolyte dis-
plays a conductivity of 26.1 mS cm−1 at −30 °C, the EiPS-based 
electrolyte is solid at this temperature due to its melting point 
of −8 °C.[11] With increasing temperature, both electrolytes show 
an increase in ionic conductivity. At 20 °C the conventional 
electrolyte is displaying a conductivity of 53 mS cm−1, while the 
EiPS-based electrolyte shows a conductivity of 2.2 mS cm−1. At a 
temperature of 80 °C, the alternative electrolyte features a con-
ductivity of 8.7 mS cm−1, while the conductivity of the state of 
the art is 97.3 mS cm−1. Considering the viscosity of the investi-
gated electrolytes shown in Figure 1b, the behavior in the same 
temperature range follows a comparable trend, with improving 
transport properties at increasing temperatures as indicated by 
the decreasing viscosity. At a low temperature of −30 °C, 0.5 m 
TEABF4 in EiPS displays a viscosity of 129.5 mPa s, while the 
reference electrolyte shows a significantly lower viscosity of  

Figure 1.  Comparison of a) ionic conductivity and b) viscosity of 0.5 m TEABF4 in EiPS and 1 m TEABF4 in ACN in a temperature range between  
−30 and 80 °C.
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0.5 mPa s. When the temperature increases to 20 °C, the dif-
ference between the investigated electrolytes becomes smaller 
with viscosities of 0.2 and 6.7 mPa s featured by the conven-
tional and alternative electrolytes, respectively. At temperatures 
higher than 40 °C, the ACN evaporates from the open experi-
mental setup of the viscometer resulting in a limited tempera-
ture range of measurement, while the EiPS-based electrolyte 
shows no evaporation at this temperature due to the higher 
boiling point. At 80 °C, the alternative electrolyte provides a 
viscosity of 1.8 mPa s.

It is evident that the transport properties of 0.5 m TEABF4 
in EiPS are less favorable than those of the state of the art, but 
they are comparable to those of other alternative solvents (see 
Table S1 of the Supporting Information). Furthermore, at high 
temperatures, where ACN is evaporating, the EiPS is stable and 
displays conductivity and viscosity values that are suitable for 
application in EDLCs. This is also evident when the energy and 
power delivered by EDLCs containing these two electrolytes and 
working at different temperatures are compared (see Figure S1 
of the Supporting Information).

In order to investigate the impact of 0.5 m TEABF4 in EiPS 
on the electrochemical performance of EDLCs, floating tests 
over a time of 500  h at different voltages and different tem-
peratures (20, 60, and 80 °C) were performed. The stability 
of the investigated devices was compared to that of EDLCs 
containing 1 m TEABF4 in ACN tested under similar condi-
tions. The evolution of the corresponding charge–discharge 
profiles during the float tests is shown in Figure S2 of the 
Supporting Information. As depicted in Figure  2a, at 20 °C 
EiPS-based EDLCs display capacitance retention of 90% after 
500 h of floating at 3.4 V while they are able to retain 74% after 
500 h of floating at 3.6 V. This stability is among the highest 
reported for lab scale EDLCs tested in these very harsh condi-
tions, and it is higher than that observed for the ACN-based 
EDLCs, which display capacitance retention of 49% after 500 h 
floating at 3.4 V.[8a] When the EDLCs were tested at the same 
voltage, but at 60 °C, the stability of the EDLCs became sig-
nificantly different. As shown in Figure 2b, ACN-based EDLCs 
lose 53% of their initial capacitance after 200  h of floating. 
This low stability is confirming that the use of the state-of-the-
art electrolyte in these operating conditions cannot guarantee 
sufficient stability. The use of 0.5 m TEABF4 in EiPS signifi-
cantly improves the stability of the device. As a matter of fact, 
as shown, the EiPS-based device is able to retain 68% of its 
initial capacitance after 500  h of floating at 3.4  V. When the 
floating test was carried out at 3.2 V, the stability was further 
improved, and the device retains 75% of its initial capacitance 
after 500 h of floating. Finally, also the stability of the devices 
at 80 °C has been investigated. As shown in Figure 2c, when 
EiPS-based EDLCs are floated at 3.2  V at this high tempera-
ture, their stability is very limited, and after 100  h they lose 
almost all their initial capacitance. However, when the floating 
voltage is reduced to 3.0 V the stability of the devices increases 
significantly, and after 500  h of floating the devices are able 
to retain 62% of their initial capacitance. To the best of our 
knowledge, this is the highest stability reported so far for an 
EDLC operating at 80 °C with a cell voltage of 3.0  V. These 
results are clearly indicating that the use of 0.5 m TEABF4 in 
EiPS makes the realization of high-voltage EDLCs that display 

excellent capacitance retention up to 80 °C possible. For this 
reason, this electrolyte can be considered a very interesting 
alternative to the state of the art, especially for high-tempera-
ture applications.

In order to understand the direct impact of the temperature 
on the stability of EDLCs based on the alternative electrolyte  
0.5 m TEABF4 in EiPS, floating tests at 20, 60, and 80 °C were 

Figure 2.  Influence of different voltages on the floating stability of 0.5 m 
TEABF4 in EiPS and 1 m TEABF4 in ACN at 20 °C a), 60 °C b), and 80 °C c).
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carried out at the fixed cell voltage of 3.0 V. Figure 3 shows the 
comparison of the capacitance retention of the devices after 500 h 
of floating. As expected, the stability of the devices decreases with 
increasing temperature. Considering the first hours of floating 
at temperatures higher than 60 °C, the capacitance decreases  
relatively fast before the decrease becomes more linear. At the 
end of the floating time the EDLC operating at 20 °C displays 
a capacitance retention of 94%, while that of the device oper-
ating at 60 °C was 86%. When increasing the temperature fur-
ther to 80 °C, the aging is accelerated resulting in a decrease of 
the capacitance retention to 62%. This indicates the presence of 
more degradation events starting to occur in the temperature 
range between 60 and 80 °C than in the range between 20 and  
60 °C. It is also important to notice that the XRD patterns and 
XPS spectra of electrodes that were stored for 24 h in the elec-
trolyte solution under the temperatures mentioned (see Fig-
ures S3 and S4 in the Supporting Information) show no major 
changes in the electrode surface and no decomposition of the 
electrolyte. This is indicated by no major additional crystalline 
phases emerging in the XRD pattern and minor signals in the 
XP spectra originating from electrolyte residues which becomes 
clear when comparing the atomic contents of the heteroatoms 
in Table S2 in the Supporting Information. Considering these 

results, the degradation processes above 60 °C appear to be 
promoted by the combination of a certain voltage with elevated 
temperatures and not by an intrinsic instability of the electrolytic 
solution and/or of the electrodes at this temperature.

To gain further insight into the aging mechanisms of EiPS-
based EDLCs, we conducted additional float tests in a modified 
Swagelok cell designed for post-mortem GC-MS analysis, pre-
sented by our group in a previous work.[8a] In these tests the 
devices have been floated at 3.0 V at 20, 60, and 80 °C for 100 h. 
This shortened floating time has been selected to compen-
sate for the reduced performance of the modified cells (which 
have been discussed in a previous publication). As depicted in 
Figure 4a, also in this case the capacitance retention decreases 
while the operating temperature is increased. However, in this 
case, the devices operating at temperatures higher than 60 °C 
display a strong reduction of capacitance during the initial 5 h 
of floating. After this initial drop, however, the cells stabilize 
and show a constant decrease in capacitance till the end of  
the floating tests. A possible explanation for this behavior could 
be the formation of a passive layer on the electrode surface 
at the beginning of the floating test. This passive layer would 
reduce the capacitance of the electrode material by blocking 
pores on the surface, while preventing the electrolyte from  
further decomposition, and therefore increasing the stability of 
the EDLC afterward. This hypothesis is supported by the evolu-
tion of the impedance spectra shown in Figure 4b. The spectra 
clearly show the decrease of the electrolyte resistance at the 
beginning of the semicircle with increasing temperature, and, 
more importantly, a significant increase of the charge-transfer 
resistance in the electrode pores after the initial 5 h of floating, 
which is represented by the size of the semicircle. This resist-
ance increase corresponds to the initial decrease of capacitance 
and the possible formation of a passive layer. In order to under-
stand this behavior, we carried out post-mortem GC-MS on the 
electrolyte and post-mortem XPS of the electrodes.
Figure 5 compares the obtained TICs of the pure EiPS sol-

vent with that of the electrolytes extracted from the EDLCs 
at the end of the floating test considered above. As shown in 
Figure S5 of the Supporting Information, the used solvent 
shows trace amounts of various impurities. Approximately 
14 individual signals have been detected with retention times 

Figure 3.  Influence of different temperatures on the floating stability of 
0.5 m TEABF4 in EiPS at 3.0 V.

Figure 4.  a) Influence of different temperatures on the floating stability and b) comparison of Nyquist plots in the high to mid-frequency range between 
500 kHz and 50 Hz before (squares) and after 5 h (triangles) of floating of 0.5 m TEABF4 in EiPS at 3.0 V in Swagelok cells, modified for post-mortem 
analysis of the cell components.
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between 4 and 8  min and between 24.5 and 29  min and two 
chemical impurities were identified as diethylsulfolane at 
6.1 min and ethyl(isopropyl)sulfolane at 7.55 min. As previously 

shown, the presence of various impurities in the base solvent 
complicates this type of investigation. Nevertheless, addi-
tional peaks could be observed on the TICs of the electrolytes 
extracted from the EDLCs operating at 80 °C. The signal at 
15.5 min can be attributed to column bleeding and can thus be 
neglected for further interpretation. The signals at tR 6 min and 
34 min could be assigned to the formation of triethylamine and 
diethyl-terephthalate, respectively. The formation of the former 
compound can be attributed to the decomposition of the cation 
of the conducting salt (tetraethylammonium), while the one of 
the latter is due to the degradation of the Mylar-foil which is a 
component of the cell material consisting of polyethylene tere-
phthalate (PET). The formation of triethylamine, which occurs 
at 80 °C, is known as a Hofmann elimination, where quater-
nary amines form tertiary amines and alkenes while a proton 
is eliminated.[6a,13] Generally, this is realized by a base such 
as OH−, in this case, however, BF4

− or its hydrolysis product 
BF3(OH)− can act as such (Scheme  1). Though, ethylene was 
not detected within the electrolyte. This can be caused by the 
gaseous state and the outgassing of ethylene from the sample 
prior to injection and analysis.

Considering the result of the post-mortem GC-MS it is 
reasonable to suppose that the aging processes occurring 
in the investigated EiPS-based EDLCs are mainly leading to 

Figure 5.  TICs of the post-mortem GC-MS measurements of the aged 
electrolytes obtained after aging tests of symmetrical EiPS-based EDLCs. 
The signal has been cropped due to a detector shut-down to prolong the 
lifetime of the filament during the appearance of the EiPS between 17 
and 24.5 min.

Scheme 1.  Proposed degradation mechanisms at elevated temperatures of the electrode-electrolyte-interphase in EDLCs based on a solution of TEABF4 
in EiPS and activated carbon electrodes covering the degradation of the electrolyte cation via a Hofmann elimination, the fluorination of the carbon 
surface, especially by in situ formed HF and the depletion of EiPS decomposition products on the electrode surface.[11,16]
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the formation of nonsoluble decomposition products, which 
cannot be detected with this technique. This formation of these 
products, nonetheless, might lead to pore blocking and/or the 
formation of a passive layer on the electrode surface. Powder 
XRD patterns of the electrodes after cycling do not indicate the 
presence of a passivation layer with pronounced crystallinity 
(Figure S3 in the Supporting Information), since all observed 
reflexes (at 38.5°, 45°, 65.5°, and 78.5°) could be assigned to the 
aluminum current collector. To identify a potential layer forma-
tion of noncrystalline compounds, the chemical composition 
of the electrode surfaces after the floating test, post-mortem 
XPS measurements have been carried out. Survey spectra of 
the noncycled electrode as a reference, and the electrochemi-
cally aged electrodes at 20, 60, and 80 °C are shown in the  
supporting information (Figure S6, Supporting Information). 
The element composition of the electrode surface changes 
after the aging tests (Figure 6). Compared to the original elec-
trode, the surface of the negative electrode shows an increase 
in sulfur and a loss of oxygen as indicated additionally by the 
atomic contents shown in Table S2 in the Supporting Infor-
mation. Oxygen, which mainly originates from the binder 
carboxymethyl cellulose(CMC), reacts with sulfur components 
over time, in particular, with an increase in temperature. Sim-
ilar observations are made for the surface of the positive elec-
trode. The oxygen content is reduced, while sulfur is increased. 
Additionally, in the case of the positive electrode, the fluorine  
content is significantly increased, which points to the deposi-
tion of the nucleophilic BF4

− ions or their decomposition prod-
ucts on the electrode surface.

To further identify reactions of the electrode surface with 
electrolyte compounds, high-resolution spectra (HR) of sulfur, 
oxygen, and fluorine were recorded for the electrodes of the 
EDLCs aged at different temperatures (Figure 7). The O1s, F1s, 
and S2p HR spectra suggest different deposition mechanisms 
during the aging process. The original electrode’s O1s spec-
trum shows three different peaks (Figure S7 in the Supporting 
Information). Those peaks can be assigned to oxygen with a 
binding environment as in –OH, or ether (533.4 eV), aldehydes 
and ketones (531.7  eV), and carboxylic O (536.0  eV). All those 

functional groups can be assigned to the binder Na-CMC. 
The aged electrodes mostly exhibit -OH/ether-like oxygen 
(≈533.2  eV). Oxygen as found in carboxylic groups (≈536  eV) 
was removed during electrochemical aging. Changes due to 
the deposition of sulfoxides cannot be discussed because the 
binding energy of oxygen in such (OS ≈531–532 eV) overlaps 
with those of ether and -OH groups.[14] The F1s spectra differ 
for the two electrodes, as well as for the different aging temper-
atures. The original electrode does not exhibit any fluorine on 
the surface. TEABF4 shows one F1s peak at a binding energy of 
685.6 eV (Figure S8 in the Supporting Information). This peak 
is visible in all F1s spectra of the aged electrodes (blue), but 
more significantly for the positive electrode due to the higher 
amount of fluorine in total. In addition, aged electrodes show 
a second F-species at ≈687.2 eV, which corresponds to F-species 
as in polytetrafluoroethylene (PTFE).[15] In particular, for elec-
trodes aged at 80 °C, this peak becomes the strongest indicating 
that such F-species are the most dominant occurring F-species 
on the electrode surface. This fluorination of the carbon sur-
face can be realized especially by HF formed in situ during the 
hydrolysis of BF4

-,[16] or possibly by the other fluorine-containing 
species of the hydrolysis equilibrium. Due to the positive sur-
face polarization, this process is more pronounced for the posi-
tive electrode leading to a higher total amount of F on the sur-
face (Scheme 1). The buildup of sulfur-containing compounds 
is related to the deposition of compounds originating from 
EiPS. Accordingly, the original electrode’s XP spectrum does 
not feature any S-related peaks. After electrochemical aging, 
S is present on the electrode surface of both electrodes. EiPS, 
which contains sulfoxidic groups can be found on all electrode 
surfaces, which is indicated by the doublet peak with its center 
at ≈168.6 eV.[17] Additionally, a second doublet peak appears with 
an increase in temperature during aging at a binding energy of 
≈164.5 eV. Such binding energy can be assigned to sulfur spe-
cies as in C–S or S–S bonding environments. The formation 
of such sulfur species is realized through a reduction reaction 
of sulfoxide. Thus, it is expected that this process is more pro-
nounced on the surface of the negative electrode than on the 
respective surface of the positive electrode.

Figure 6.  Relative content of sulfur (red), oxygen (blue), and fluorine (green) on the electrode surface after aging tests of symmetrical EiPS-based 
EDLCs at different temperatures: a) composition of the negative, and b) composition of the positive electrode. The atomic content was normalized 
with respect to the atomic content of the pristine electrode for oxygen and with respect to the atomic content of the electrodes after aging at 80 °C for 
sulfur and fluorine, respectively.
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These findings, in particular, underline the theory that a pas-
sive layer is formed by the deposition of decomposition prod-
ucts of EiPS at increased temperatures. This also correlates well 
with the electrochemical aging tests (Figure  4). However, the 
formation of the passivation layer leads to a significant loss of 
capacitance, while it increases the stability of the system dra-
matically after its formation.

Based on these findings and decomposition processes 
already known in the literature, we propose a decomposition 
mechanism of the electrode-electrolyte-interphase for EDLCs 
based on activated carbon electrodes and a solution of TEABF4 
in EiPS as electrolyte (Scheme 1). In the presence of water, the 
hydrolysis of BF4

− into BF3(OH)− and HF (pKa H2O 3.45) takes 
place, where the balance of the reaction equilibrium is on the 
left side. Since the acids HBF4 (pKa H2O −0.44) and HBF3(OH) 
(slightly weaker than the former) are highly acidic, their cor-
responding bases are rather weak.[16,18] However, their presence 
seems to be sufficient for the elimination reaction being pro-
cessed at 80 °C. Due to the ion charge, this process is expected 
to be promoted on the negative electrode. Especially the positive 

electrode, on the other hand, shows fluorination of the carbon 
surface. This can be explained by the in situ formation of HF 
which can fluorinate the carbon, while it is not clear if the other 
fluorine-containing species play a role in this fluorination pro-
cess.[19] The presence of sulfoxidic groups and C-S bonds on 
the carbon surface of both electrodes indicates the existence 
of a reduction as well as an oxidation process with EiPS being 
involved. The considered reactions were described previously 
by Chiba et al. and match the experimental results.[11]

3. Conclusion

In this study, we investigated the use of the electrolyte 0.5 m 
TEABF4 in EiPS in EDLCs operating at high voltage and high 
temperatures. We showed that although this electrolyte displays 
ionic conductivity and viscosity not as favorable as those of the 
state-of-the-art electrolyte 1 m TEABF4 in ACN, it features a very 
high electrochemical and thermal stability. Thanks to these fea-
tures, its use allows the realization of EDLCs operating at more 

Figure 7.  High-resolution XP spectra of O1s, F1s, and S2p of the a) negative electrodes and b) positive electrodes after electrochemical aging tests of 
symmetrical EDLCs based on 0.5 m TEABF4 in EiPS.
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than 3  V at 60 and 80 °C which are much more stable than 
those containing the state-of-the-art electrolyte. For example, 
EiPS-based EDLCs are able to retain 75% of their initial capaci-
tance after 500 h of floating at 3.2 V at 60 °C while under these 
conditions devices containing conventional electrolytes are not 
stable. Post-mortem GC-MS analysis of the electrolyte revealed 
no soluble decomposition products originated from the solvent. 
On the other hand, post-mortem XPS analysis of the electrodes 
indicated the deposition of nonsoluble decomposition com-
pounds on the electrode surface at temperatures higher than 
60 °C. While having a pore blocking and thus capacitance-
reducing effect, the layer of decomposition compounds acts 
as a passivation layer during cell operation after its formation. 
This increases the electrochemical stability dramatically but, at 
the same, time, is affecting the capacitance. Considering these 
results, EiPS can be certainly considered a very interesting 
electrolyte for the realization of high-voltage EDLCs operating 
at high temperatures. This could provide a solution for niche 
applications in high-temperature environments in the future.

4. Experimental Section
Electrolyte Preparation: The solvent EiPS was purchased from TCI 

Chemicals with a purity of 97%. The initial water content was reduced 
to 20 ppm by an overpressure Schlenk filtration with predried aluminum 
oxide under vacuum and additional drying with a molecular sieve with 
a pore size of 4 Å provided by Chemiewerk Bad Köstritz. The solvent 
ACN was supplied by Sigma-Aldrich with a purity of 99.8% and dried 
by the addition of a molecular sieve with a molecular pore size of 3 Å. 
The salt TEABF4 was purchased from TCI Chemicals and dried for 24 h 
in a vacuum glass oven at 120 °C and 1  × 10−2 mbar before use. For the 
following reported investigations, the electrolytes 0.5 m TEABF4 in EiPS 
and 1 m TEABF4 in ACN were used.

Physicochemical Properties: The ionic conductivity of the electrolytes 
was measured in a temperature range between −30 and 80 °C with 
a Modulab XM ECS potentiostat. During the measurements, the 
conductivity cell was placed in a climatic chamber to adjust the 
temperature following a procedure as described before.[20] The viscosity 
of the electrolytes was measured with an Anton-Paar MCR 102 rotational 
viscometer applying a shear rate of 1000 s−1 with 500  µL of electrolyte 
following a procedure identical to a procedure described before.[20]

Cell Preparation: The utilized composite electrodes for the 
electrochemical measurements were provided by Skeleton Technologies 
with an electrode mass loading of 6.8 mg cm−2. The area of the utilized 
electrodes was 1.13 cm2. The commercial electrodes were coated double-
sided with activated carbon as active material. One side of the carbon 
coating was removed with ethanol before the application to match the 
experimental setup (as described below).

The electrochemical measurements have been carried out using 
Swagelok-type cells with a two-electrode setup reference which were 
mounted in a LABmaster pro glove box by MBRAUN filled with argon 
with a content of H2O and O2 <1 ppm. For the cell setup, two identical 
electrodes (symmetrical cell) were used with a 520 µm Whatman glass 
fiber disk as the separator, soaked with 120 µL of electrolyte.

Electrochemical Measurements: The electrochemical stability of the 
utilized electrolytes was investigated utilizing float tests carried out at 
different voltages and temperatures for 500  h with an Arbin LBT21084 
and a BioLogic VMP-3. During the measurements, the cells were placed 
in a Binder KB 53 climatic chamber to adjust the temperature. Every 
20  h, 5 charge/discharge cycles were performed with a current rate of  
1 A g−1 between 0 V and the applied float voltage.

Electrochemical Data Evaluation: The capacitance C of the galvanostatic 
charge–discharge cycles during the float tests was calculated based on 

linear extrapolation of the latter 90% of the voltage profile to exclude the 
initial voltage drop from the extrapolation. Applying the resulting slope 
d
d
V
t
 with the voltage V and time t to 

d /d
C I

V t
=  with the applied current 

I leads to the capacitance. The maximum energy Emax was obtained by 
integration of the discharge semiperiod of the instantaneous power p(t):

d dmax
0 0

E p t t v t i t t
t

T

t

T∫ ∫( ) ( ) ( )= = 	 (1)

with t0 and T being the initial and final times of the discharge semiperiod 
and v(t) and i(t) being the instantaneous voltage and current, while the 
maximum power Pmax equals the maximum of the modulus function of 
p(t).

Electrochemical Measurements for Post-Mortem Analysis: To understand 
the decomposition processes occurring in the investigated systems, 
float tests with modified Swagelok-type cells were performed with a cell 
setup as described in a previous publication.[8a] The cells were filled with 
1 mL of electrolyte while a 1 mm thick ring-shaped spacer was utilized. 
The electrochemical investigation of these modified cells was carried out 
with a BioLogic VMP-3 and an Arbin LBT21084 by float tests over 100 h 
at a voltage of 3.0 V and different temperatures. Temperatures were set 
during the measurement by placing the cells in a Binder KB 53 climatic 
chamber adjusted to the specific temperature, while every 5 h, 5 charge/
discharge cycles were performed between 0 and 3.0 V applying a current 
rate of 1 A g−1.

Post-Mortem GC-MS Measurements: After 100 h of float test, 300 µL of 
the electrolyte solution was extracted from the modified Swagelok cells 
and further analyzed by post-mortem GC-MS measurement. The GC-MS 
measurements were conducted with an Agilent 7890B GC, equipped 
with an Agilent 7683 Series automatic liquid sampler (ALS) and an 
Agilent HP-5ms column (30 m, ID 250 µm, DF 1 µm, −60 – 325 °C), and 
an Agilent 5977A MS (EI-MSD, single quadrupole). The oven was set to 
a temperature range of 70–280 °C, heating with a temperature ramp of 
10 °C min−1. The injection volume of the sample was set to 5 µL, while 
a carrier-gas flow (He) of 1 mL min−1 at a split ratio of 3:1 was applied. 
The resulting mass spectra were evaluated utilizing a NIST/EPA/NIH 
Mass Spectral Library (version 2.2, build June 10, 2014), with identified 
analytes showing a match probability of 70% or higher in the total ion 
chromatograms (TICs). With the obtained TICs, background subtraction 
and baseline correction were performed.

Post-Mortem XPS Analysis: The electrodes were extracted from the 
modified Swagelok cells after the electrochemical investigation for post-
mortem XPS analysis. The samples for spectroscopy were prepared by 
cleaning the electrodes in ACN for 24 h followed by drying in a vacuum 
glass oven at 60 °C and 1  × 10−2 mbar. Subsequently, electrodes were 
fixated on adhesive copper tape. XP spectra were recorded using a 
Thermo Scientific KAlpha spectrometer. An Al Kα anode (hν = 1486.6 eV) 
was used as an X-Ray source. The chamber pressure during each 
measurement was not higher than 5 × 10−8 mbar. A flood gun was used 
to compensate potential surface charge. Survey scans, which were used 
to determine the elemental composition, were recorded in a binding 
energy range of 136.6–1360 eV with a step size of 1 eV and a pass energy 
of 100 eV. The auto height function was enabled. High-resolution spectra 
were recorded with a step size of 0.5 eV as 5 averaged scans. Binding 
energies were referenced to the C1s at 284.8 eV as all samples contain 
graphitic carbon as a conductive additive. The resulting peak shifting 
values are given in the supporting information.

Post-Mortem XRD Analysis: X-ray diffraction (XRD) was performed 
on a Bruker D2 Phaser device using Cu Kα radiation in a 2θ range of 
10 – 80°and a step size of 0.02° in Bragg–Brentano geometry, placing 
the samples on a single-crystal silicon sample holder. The phase 
assignment was realized using the integrated software module from the 
crystallography open database.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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