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In this work, γ-valerolactone (GVL), a green solvent based on
largely available biomass (carbohydrates), highly biodegradable,
and with low eco-toxicological profile, was used as electrolyte
component in energy storage devices. This solvent allowed the
realization of electrolytes with good transport properties and
high thermal stability, which could be successfully applied in
electrical double layer capacitors (EDLCs). GVL-based EDLCs

could operate at 2.7–2.9 V and displayed good performance in
term of capacitance, cycling stability, as well as specific energy
and power. The results of this study indicate that the use of
solvent obtained from largely available natural sources is a
feasible strategy for the realization of sustainable and safe
electrolytes for EDLCs.

Introduction

The energy production from renewable and sustainable sources
is nowadays prioritized and considered as a challenging task in
our society. For an effective introduction of these sources in our
daily life, the use of efficient energy storage devices is
mandatory.[1] In the last years, enormous efforts have been
made toward the development of different energy storage
systems.[2] Among the various electrochemical energy storage
devices, supercapacitors or electrical double layer capacitors
(EDLCs) are currently considered as one of the most important.
In EDLCs, the energy is stored electrostatically through the
formation of an electrical double layer at the electrode–electro-
lyte interface. Due to this storage process, these devices display
high specific power (up to 10 kWkg� 1), extraordinary high cycle
life (>1 million cycles) and a very short charging/discharging
time (seconds or less). However, they have a rather limited
specific energy (5–8 Whkg� 1).[3] Due to these characteristics,

EDLCs are currently preferred for many applications in grid and
transportation, which require a rapid energy delivery.[4] The
electrode active material utilized in commercial EDLCs is
typically activated carbon (AC), while the electrolyte consists of
an ammonium-based salt, for example tetraethylammonium
tetrafluoroborate (Et4NBF4) dissolved in an organic solvent, such
as acetonitrile (ACN) or propylene carbonate (PC).[5] This
electrode-electrolyte combination assures the realization of
devices having an operating voltage in the order of 2.8–3.0 V,
and displaying the above-mentioned properties.[6]

It is evident that to achieve a sustainable use of energy,
energy storage devices need to be also realized in a sustainable
manner. Correspondingly, electrode materials (active and in-
active) for EDLCs derived from natural sources have been
intensively investigated in the last years. Several types of
natural precursors and synthetic strategies have been proposed
for the realization of carbonaceous materials that are suitable in
EDLC applications.[7] The results of these studies indicated that
the synthesis of electrode materials from sustainable feedstocks
is possible and that the use of these materials is able to
guarantee a comparable cell performance to that of the
conventional ones. On the other hand, very few works have
thoroughly considered the investigation of sustainable electro-
lyte components in EDLC applications, although potential
sustainable solvents have been mentioned in the literature.[8]

This difference represents a serious drawback for the develop-
ment of sustainable EDLCs. As a matter of fact, ACN and PC are
synthesized through well-established industrial processes,
which are utilizing fossil-based sources as well as non-
sustainable materials. Additionally, ACN is a toxic and highly
flammable compound, while PC has recently shown some
concerns about the penetration of the blood-cerebrospinal
barrier.[3a,5a,9] Taking these points into account, the introduction
of less toxic, less flammable, and more sustainable electrolytes
is urgently needed for the development of sustainable EDLCs.

In this study, we report the use of the bio-based solvent γ-
valerolactone (GVL) as electrolyte component for EDLCs. GVL is
obtained from biomass, and has a low eco-toxicological profile,
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good biodegradability, and low flammability.[10] This solvent has
been indicated as an interesting candidate in view of the
development of innovative and sustainable electrolytes.[8c]

Nevertheless, its use in EDLC has not been considered so far.
Initially the chemical-physical properties of GVL-based electro-
lytes are investigated with different conducting salts and
concentrations. Afterwards, the use of these electrolytes in
EDLCs is considered, and their impact on the electrochemical
performance of these devices is analyzed in detail. The aim of
this work is to supply a proof of concept about the possibility
to realize sustainable and safe solvents for EDLCs.

Results and Discussion

GVL versus conventional solvents for EDLC electrolytes

The use of solvents that can guarantee a large temperature
range of use and, at the same time, are displaying low
flammability and low toxicity is extremely important for the
development of advanced EDLCs.[3a,5a] GVL exhibits a low
melting point of � 30 °C and a high boiling point of 207 °C,
which can provide a broad temperature range for EDLC
applications. Besides, it has a high flash point of 96 °C, which
ensures low flammability.[10] Furthermore, very importantly, it
shows a low eco-toxicological profile with a Lethal Dose 50%
(LD50) of 8800 mgkg� 1 (oral for rat).[10] Additionally, the price of
GVL is comparable to that of ACN and PC. These properties
make GVL an interesting solvent for EDLCs, as it is also evident
when the properties of this solvent are compared with those of
the state-of-the art solvents of this technology (see Table 1).

From a point of view of feedstock precursors, the synthesis
of ACN and PC starts from fossil-based compounds. ACN is a
side product of the SOHIO process for the synthesis of
acrylonitrile starting from propylene, ammonia, and oxygen.
This process uses bismuth phosphomolybdate as catalyst in
harsh condition (400–500 °C, 50–200 kPa), an aqueous bath of
sulfuric acid to neutralize the excess of ammonia, and a
distillation process to separate acrylonitrile from side
products.[13] From a practical point of view, this condition made
this compound problematic even for the supply chain, and has
already caused a shortage in 2008.[14] PC is mainly produced by

the addition of CO2 to propylene oxide, which has also a high
risk-profile (acute tox. 3 dermal, acute tox. 3 inhalation, acute
tox. 4 oral; carc. 1B; eye irrit. 2; flam. liq. 1; muta. 1B). This
process has a good efficiency in terms of atom economy and E-
factor but needs high-purity reagents (epoxides) and severe
conditions (105–200 °C, 3450–6900 kPa).[15]

As mentioned in the Introduction, the realization of
sustainable electrolyte components is fundamental importance
for the development of EDLCs. To reach this goal, one of the
most important pre-requirements is the possibility to utilize
abundant and renewable precursors (e.g., biomass) and to
design sustainable chemical pathway for the synthesis of the
solvent of these devices. So far, nonetheless, this aspect has
only been marginally considered, and only few studies have
been dedicated to the synthesis of sustainable solvents.[8a]

Beside the favorable properties of GVL, its production also
meets the main sustainability aspect. Indeed, it can be
produced by hydrogenation and dehydration starting from
levulinic acid (Scheme 1), which is itself one of the most
relevant biobased chemical platforms. Several research groups
have focused on improving its production conditions, using
heterogeneous non-precious metal catalysts and hydrogen
donor compounds (e.g., formic acid, methanol, ethanol, 2-
propanol) to avoid a high-pressure hydrogen atmosphere.[16]

Within this context, the development of innovative and high-
value applications of GVL represents a driving-force to stimulate
its industrial production.

Chemical-physical characterization of GVL-based electrolytes

GVL has been utilized for the realization of electrolytic solutions
suitable for EDLCs. Initially, the solubility of two conducting
salts, the state-of-the-art Et4NBF4 and the alternative 1-methyl-
1-butylpyrrolidinium tetrafluoroborate (Pyr14BF4) in GVL, has
been considered. It has been found that at room temperature
the maximum concentration of Et4NBF4 that can be dissolved in
GVL is 0.6 m. The solubility of Pyr14BF4 in GVL is higher, and
using this salt it is possible to realize an electrolytic solution
with a concentration equal to 1 m. Therefore, we decided to
investigate three GVL-based electrolytes, namely 0.6 m Et4NBF4

in GVL, 0.6m Pyr14BF4 in GVL, and 1m Pyr14BF4 in GVL. These

Table 1. Comparison of important properties of the solvents GVL, ACN, and PC for the use in EDLCs, taken from the literature.[8b,10,11]

Solvent Melting
point
[°C]

Boiling
point
[°C]

Flash
point
[°C]

Dielectric
constant
(25 °C)

LD50 oral,
rat
[mgkg� 1]

Price
quotation[a]

[Ekg� 1]

Chemical
structure

Precursors

GVL � 31 207 96 34 8800 65.6

ACN � 48 81 2 36 2460 141.8

PC � 49 242 132 65 34600 98.0

[a] Price quotation for 10 kg (or 10 L) with purity �99%; for PC the quotation refers to 2 L of product (10 kg or 10 L quotation not available), estimated
based on Ref. [12].
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electrolytes have been selected to gain information about the
influence of the nature and concentration of the salts on the
electrolyte’s properties.

Figure 1 shows a comparison of some chemical-physical
properties as well as electrochemical stability window (ESW) of
the investigated GVL-based electrolytes. Figure 1a,b presents
the comparison of the conductivity as well as viscosity of the
electrolytes in the temperature range of � 30 to 80 °C. As shown
in Figure 1a, at 20 °C 0.6m Et4NBF4 in GVL displays a

conductivity of 7.3 mScm� 1, which is higher with respect to that
of 0.6 m Pyr14BF4 in GVL (5.4 mScm� 1). These values are lower
than that displayed by conventional electrolytes, for example
1m Et4NBF4 in PC that displays a conductivity of 13 mScm� 1 at
20 °C.[17] The lower salt concentration of the GVL-based electro-
lytes is very likely the main reason of this difference. This
hypothesis is also supported by the fact that at 20 °C the
electrolyte 1m Pyr14BF4 in GVL displays a conductivity of
9.0 mScm� 1. Notably, this latter value is very similar to that

Scheme 1. GVL synthetic pathway. 4-HPA=4-hydroxypentanoic acid.

Figure 1. Comparison of (a) conductivity, (b) viscosity in the temperature range from � 30 to 80 °C, (c) thermal stability in a temperature range from 30 to
550 °C, and (d) ESW of the electrolytes 0.6 m Et4NBF4 in GVL, 0.6 m Pyr14BF4 in GVL, and 1m Pyr14BF4 in GVL.
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displayed by the electrolyte 1 m Pyr14BF4 in PC (9.5 mScm� 1).[17]

Throughout the entire investigated temperature range, 0.6 m

Et4NBF4 in GVL presents a different conductivity trend com-
pared to that shown by the electrolytes containing Pyr14BF4. A
possible explanation for this behavior can be different inter-
actions between different salts and the solvent, whereby the
salt Et4NBF4 in GVL tends to form ion pairs more easily at lower
temperatures (<0 °C) in comparison to the electrolytes contain-
ing Pyr14BF4, resulting in the lowest conductivities. As presented
in Figure 1b, at 20 °C the viscosity of 0.6m Et4NBF4 in GVL
(2.0 mPas) is comparable to that of 0.6m Pyr14BF4 in GVL
(2.1 mPas). In contrast to that, 1 m Pyr14BF4 in GVL displays a
slightly higher viscosity of 2.5 mPas. These values of viscosity
are very comparable to that reported for PC-based electrolytes
containing the same salts.[5a] The thermal behavior of the GVL-
based electrolytes is illustrated in Figure 1c. During the thermal
ramp measurement from 30–550 °C, all electrolytes display a
gradual decrease in mass from 30–100 °C because of the
evaporation of the solvent GVL. These results are showing that
the GVL-based electrolytes have lower volatility compared to
the conventional ACN-based electrolytes, which generally
present a rapid mass loss with the increase in temperature.[18]

As the temperature is further increased, a rapid mass loss of the
GVL-based electrolytes is observed until the evaporation ends
at around 170 °C. After that, there is no significant change in
the electrolyte mass, indicating that the component left in the
electrolytes, which is the corresponding conducting salts,
remains stable in the following temperature range. At the
points in which the electrolyte mass has decreased to zero, the
respective conducting salt as well as GVL in the electrolytes
have fully decomposed. Due to the higher thermal stability of
Pyr14BF4 compared to Et4NBF4, the temperature at which the
electrolytes have decomposed completely is higher in the
electrolytes containing the former than the latter salt (450 vs.
375 °C, respectively).[19] Figure 1d compares the ESW of the GVL-
based electrolytes. As seen, the electrolytes display an overall
ESW larger than 4 V, which allows their application in EDLCs.
Considering these results, all three electrolytes appear to have
properties suitable for the use in EDLCs. Consequently, they
have been investigated in combination with AC-electrodes in
EDLCs.

Electrochemical performance of EDLCs containing GVL-based
electrolytes

Initially, the maximum operating voltage achievable with the
GVL-based electrolytes has been defined by utilizing cyclic
voltammetry (CV) and setting the coulombic efficiency limit at
99%. The information about the cell setup is reported in the
Experimental Section, and the CV curves are available in
Figure S1 of the Supporting Information. The operating voltage
of the devices containing 0.6 m Et4NBF4 in GVL is 2.7 V, while
that of the devices containing 0.6 m Pyr14BF4 in GVL and 1 m

Pyr14BF4 in GVL is 2.9 V. It is interesting to note that a change in
conducting salt does not have a significant impact on the
operating voltage of the GVL-based electrolytes. This is not the

case when different solvents, for example PC, are used.[20]

Besides, the electrolyte concentration does not display a strong
effect on improving the operating voltage of the GVL-based
electrolytes. Overall, the operating voltage displayed by the
GVL-based EDLCs is comparable to that achievable with the
state-of-the-art electrolytes.[20,21]

Figure 2a–c compares the CV profiles of the investigated
GVL-based EDLCs. In order to have an easier comparison about
the behavior of the devices, the EDLCs containing Et4NBF4 were
tested by utilizing a maximum operating voltage of 2.7 V, while
the operating voltage of the device containing Pyr14BF4 was
2.9 V. As shown, all EDLCs display the typical rectangular CV
profile, indicating the capacitive behavior of EDLCs containing
the GVL-based electrolytes. It has to be mentioned that,

Figure 2. CVs of the investigated EDLCs using the electrolytes (a) 0.6 m

Et4NBF4 in GVL, (b) 0.6m Pyr14BF4 in GVL, and (c) 1m Pyr14BF4 in GVL with the
scan rates ranging from 1–200 mVs� 1.
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however, there is the presence of some peaks at 1 mVs� 1, which
is possibly caused by the occurrence of side reactions taking
place between the electrode surface and the electrolytes.
Moreover, a distortion of the rectangular CV profiles is noted
with the increase in scan rates. The bigger distortion of the CV
profiles is observed in the EDLCs containing 0.6 m Pyr14BF4 in
GVL (Figure 2b), which is caused by the relatively poor transport
properties of this electrolyte compared to that of the other two.
The capacitance displayed by the devices, which is ranging
between 20–25 Fg� 1, is comparable to that displayed by AC-
based EDLCs containing conventional or different type of
alternative electrolytes, as shown in Table S1 of the Supporting
Information.[17,20–22]

Figure 3a compares the capacitance retention of the
investigated GVL-based EDLCs during galvanostatic charge–
discharge carried out at current densities ranging from 0.5–
20 Ag� 1. As shown, all the devices display good capacitance
retention (>80%) up to 5 Ag� 1. Above this value of current
density their behavior differentiates. The device containing
0.6 m Pyr14BF4 in GVL, which is the electrolyte with the lowest
conductivity, loses most of its capacitance at 10 Ag� 1 and at
20 Ag� 1 is no longer able to provide any capacitance. The
device containing 1m Pyr14BF4 in GVL displays higher capaci-
tance retention, and it is keeping large part of its capacitance at
10 Ag� 1, while at 20 Ag� 1 it can deliver only half of its initial
capacitance. The different behavior of these two devices is
obviously related to the conductivity of the used electrolytes.
Interestingly, the device that achieved the highest capacitance
retention is the one containing 0.6m Et4NBF4 in GVL. As shown
in Figure 3a, this device can retain large part of its initial
capacitance also at 20 Ag� 1. Since the conductivity of this
electrolyte is lower than those of the two electrolytes contain-
ing Pyr14BF4, this result indicates that the nature of the
conducting salt seems to have a strong effect on the perform-
ance of the devices. It is reasonable to suppose that also the
properties of the used AC are influencing the behavior of the
device (as shown for other alternative electrolytes).[23] Never-

theless, although of importance, this aspect is out scope of this
work, and it will not be further investigated. The different
behavior of the devices is well visible on the Ragone plot
reported in Figure 3b. Owing to the higher operating cell
potential at 2.9 V and the relatively high specific capacitance
values, the EDLC containing 1m Pyr14BF4 in GVL is able to
achieve the highest specific energy of 23–28 Whkg� 1 in the
current density range from 0.5–2 Ag� 1, compared to that of the
other two electrolytes. Despite of the operating voltage at 2.9 V,
the EDLC containing 0.6 m Pyr14BF4 in GVL does not show
significantly high specific energy due to relatively low values of
specific capacitance. Over the whole current density range from
0.5–20 Ag� 1, the EDLC containing 0.6m Et4NBF4 in GVL is the
one delivering the best performance, and at 10 Ag� 1 it delivers
a specific energy and power of 15 Whkg� 1 and 23 kWkg� 1,
respectively. These values are comparable to those observed for
lab-scale AC-based EDLCs containing ACN- and PC-based
electrolytes.[18,20]

In order to acquire information about the long-term stability
of EDLCs using GVL-based electrolytes, float tests have been
performed at a maximum cell potential of 2.7 V. As shown in
Figure 4, the EDLCs containing 0.6 m Et4NBF4 in GVL and 0.6 m

Pyr14BF4 in GVL display a comparable capacitance retention of
73% after 250 h of floating at 2.7 V, whereas the EDLC
containing 1m Pyr14BF4 in GVL shows a capacitance retention of
nearly 60%, although it was the system for which a higher
operating voltage was determined.

The results reported above are indicating that the GVL-
based EDLCs investigated in this work, and especially the
system containing 0.6 m Et4NBF4 in GVL, display promising
performance. As a matter of fact, although their operating
voltage is not higher than that of EDLCs containing conven-
tional electrolytes, they show good specific energy as well as
power and a promising long-term stability. This latter aspect is
particularly interesting because the solvent utilized for the
experiment (non-battery grade) is, for obvious reasons, not as

Figure 3. (a) Comparison of capacitance retention displayed by the GVL-based EDLCs at different current densities ranging from 0.5–20 Ag� 1 with the
indicated respective cell voltage. (b) Comparison of specific power and energy in the Ragone plot for the corresponding investigated EDLCs.
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pure as the ACN and PC utilized for the realization of the
conventional electrolytes.

Post-mortem analysis for electrolyte degradation

To gain information about this important point, investigations
on the electrolyte degradation taking place in GVL-based EDLCs
by using post-mortem gas chromatography–mass spectrometry
(GC-MS) analysis were performed. For this purpose, we carried
out float tests at 2.7 and 2.9 V (for a total of 150 h) on devices
containing the same electrodes and electrolytes discussed
above but assembled in a modified cell setup (all details are
reported in the Experimental Section). Based on the previous
results, these tests have been carried out only on the EDLC
containing 0.6 m Et4NBF4 in GVL. As shown in Figure 5, after
150 h floating at 2.7 V the device was able to retain 58% of its
initial capacitance, while after the same floating time at 2.9 V its
capacitance retention was 43%. As already discussed in our

previous work, the lower stability observed on these experi-
ments (compared to those reported above in Figure 4) is due to
the used cell setup. Nevertheless, this latter modified cell setup
is designed to investigate the electrolyte degradation, as it
allows its extraction and its post-mortem analysis.[18] Figure 6a
compares the total ion chromatograms of 0.6m Et4NBF4 in GVL
after 150 h floating at 2.7 and 2.9 V with respect to the solvent
GVL. The total ion chromatogram of GVL was obtained through
GC-MS analysis to have an insight into its composition, as
presented in Figure 6b. It is observed that the solvent GVL was
detected at the retention time between 13.5–18.7 min. Besides,
acetonitrile was also found in the sample because it has been
utilized for cleaning purpose of the needle after every injection
of the sample in the GC–MS device. From the measurements, it
can be observed that there are different five-membered ring
compounds detectable in the solvent, indicated by the peaks
shown at the retention time starting from 19 min. These peaks
are indicating the presence of some impurities in GVL. The peak
at retention time of 31.8 min, which is assigned to the column
bleeding, indicates that there is some loss of stationary phase
from the column of the device (GC) into the sample. According
to Figure 6a, the cells show a similar decomposition product at
retention time of 5.2 min, which corresponds to the hydro-
genated derivative of the solvent GVL, named as 2-meth-
yloxolane or 2-methyltetrahydrofuran (2-MeTHF).[24] Besides,
despite of the increased capacitance loss during floating at
2.9 V, no additional decomposition products were detected in
the electrolyte at this operating voltage (compared to the
electrolyte during floating at 2.7 V). Taking into account that no
significant decomposition products related to the conducting
salts were detected, a possible explanation for the observed
behavior might be that the degradation processes happened in
the cell during floating are related to processes involving the
solvent and possibly the electrode, which are occurring at both
cell voltages. During floating at 2.9 V, however, this process has
major effect in comparison to that at 2.7 V. Further studies are,
however, certainly needed to better understand the dynamics
of the degradation processes taking place in EDLCs containing
GVL-based electrolytes.

Conclusion

The realization of sustainable electrical double layer capacitors
(EDLCs) cannot be realized without the development of
sustainable electrolytes. In this work, we demonstrated that γ-
valerolactone (GVL), a biodegradable solvent from biomass with
favorable eco-toxicological profile, can be successfully utilized
for the realization of electrolytes suitable for EDLCs. We showed
that GVL-based electrolytes exhibit good transport and thermal
properties and that their use allows the realization of EDLCs
with an operating voltage window of 2.7–2.9 V, which is
comparable to that of conventional electrolytes. GVL-based
EDLCs display good performance in term of capacitance, cycling
stability, as well as specific energy and power (15 Whkg� 1 and
23 kWkg� 1, respectively, at 10 Ag� 1). In the future, it will be
important to optimize the purification procedure to improve

Figure 4. Comparison of capacitance retention displayed by the GVL-based
EDLCs, which were investigated in a floating test of 250 h at the cell
potential of 2.7 V.

Figure 5. Comparison of capacitance retention displayed by GVL-based
EDLCs in a modified cell setup, which were investigated in a floating test of
150 h at the cell potential of 2.7 and 2.9 V.
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the purity of GVL and to identify the best salt-solvent
combination in order to further improve the performance of
GVL-based EDLCs. Nonetheless, the results of this study clearly
indicated that the use of solvent derived from largely available
natural sources is a feasible strategy towards the goal of
sustainable and safe electrolytes for EDLCs.

Experimental Section

Electrolyte preparation

The solvent GVL (�99%, Sigma-Aldrich) was dried over the
molecular sieve (3 Å) to reduce its water content below 25 ppm,
which was confirmed using Karl-Fischer titration. The conducting
salts Et4NBF4 (Sigma-Aldrich) and Pyr14BF4 (IoLiTec) were used in
combination with GVL for the realization of the electrolytes
investigated in this work.

Chemical and physical characterization

The conductivity was determined in the temperature range from
� 30 to 80 °C utilizing a potentiostat (ModuLab XM ECS from
Solartron Analytical). A conductivity cell, consisting of two parallel
platinized platinum electrodes with a known cell constant, was
utilized for the experiments. The measurements were carried out
according to the procedure described in literature.[25] Besides, the
viscosity was measured over the same temperature range with a
Modular Compact Rheometer MCR 102 (from Anton Paar RheoCom-
pass) at the shear rate of 1000 s� 1, whereby 0.5 mL electrolyte
sample was applied. The measurements were carried out according
to the procedure described in literature.[25]

The thermal stability of the electrolytes was investigated by
carrying out thermogravimetric analysis (TGA) performed using a
PerkinElmer STA 6000. Before starting the measurements, the
device was purged with nitrogen gas for 1 h. The electrolyte
samples were analyzed under nitrogen atmosphere with a gas flow
of 20 mLmin� 1 and a gas pressure of 2.2 bar, whereby one sample (
�10 mg) was pipetted into a platinum crucible and placed into the
device. Thermal ramp measurements in the temperature range
from 30 to 550 °C, and with a heating rate of 10 °Cmin� 1, were
carried out.

Electrode preparation

Composite electrodes containing activated carbon (YP-80 f, from
Kuraray) as active material, carbon black (Super C65, from Imerys)
as conducting agent, and sodium carboxymethyl cellulose
(NaCMC2000, from Walocel) as binder, in the mass ratio of 90 :5 : 5,
were prepared according to the experimental procedure reported
in Ref. [26]. AC electrodes with different thickness (80, 100, and
200 μm) were made.[27] The electrode area accounted for 1.13 cm2

and the active mass loading was in the range of 1.7–4.7 mg per
electrode, varying based on the electrode thickness.

Self-standing AC electrodes, which were required in the electro-
chemical characterization of the electrolytes, were prepared by
mixing activated carbon (DLC Supra 50, Norit), carbon black (Super
C65, from Imerys), and 60 wt% polytetrafluoroethylene (PTFE)
suspension in water (from Sigma Aldrich) in the ratio of 85 :10 :5
with excess ethanol, following a procedure identical to that
reported in Ref. [28]. The electrode area was 1.13 cm2, and the
electrode mass loading was in the range of 35–45 mg per
electrode.

Figure 6. Comparison of total ion chromatograms of (a) the extracted electrolyte 0.6 m Et4NBF4 in GVL after being investigated in the modified cell setup
through floating of 150 h at 2.7 and 2.9 V respectively with respect to (b) the solvent GVL.
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Electrochemical measurements

All electrochemical tests have been carried out at room temper-
ature using Swagelok-type cells in two- as well as three-electrodes
configuration.[29] They were assembled in argon-filled glovebox
with water and oxygen content lower than 1 ppm. In each cell, a
Whatman GF/D glass fiber filter (520 μm thickness) was used as
separator, which was drenched with 120–150 μL electrolyte. All
electrochemical investigations were performed at a BioLogic VMP-3
and an Arbin LBT21084 multichannel potentiostatic-galvanostatic
system.

The electrochemical stability window of the electrolytes was
determined in three-electrodes configuration through linear sweep
voltammetry (LSV) by using a platinum disc as working electrode, a
self-standing AC electrode as counter electrode, and silver wire as
quasi-reference electrode. The investigations were carried out with
a scan rate of 1 mVs� 1 according to the procedure reported in
Ref. [30].

The operating voltage range of the electrolytes was investigated in
three-electrodes configuration, in which silver wire was applied as
quasi-reference electrode. AC electrode was used as working
electrode, while self-standing AC electrode was utilized as counter
electrode. The positive and negative potential limits were deter-
mined separately in two cells through CV with a scan rate of
5 mVs� 1. The measurements were carried out using the setting
described in Ref. [30]. The operating voltage range was selected at
the potential limits where the coulombic efficiency decreased
below 99%. The coulombic efficiency was obtained through
dividing the area under the CV curve during discharging by the
area under the CV curve during charging.

The electrochemical performance of the EDLCs containing the
electrolytes were investigated by utilizing CV carried out at different
scan rates (1, 5, 10, 20, 50, 100, and 200 mVs� 1) and galvanostatic
charge-discharge (GCD) performed at different current densities
(0.5, 1, 2, 5, 10, 20, and 1 Ag� 1). 10 CVs were carried out at every
scan rate, while 1000 cycles were carried out at every current
density. The specific energy (Emax) and power (Pmax) of the devices
were calculated using the following equations [Eqs. (1) and (2)]:

Emax Wh kg� 1½ � ¼

Z
V � I

mact � 3600 dtd (1)

Pmax kW kg� 1½ � ¼
Vmax � I

mact � 1000 (2)

where V is the measured discharging voltage [V], Vmax is the
maximum voltage during discharging [V], I is the current [A], mact is
the total mass of active materials in the investigated cell [kg], td is
the discharging time [s], and a factor of 3600 is taken into account
for the conversion of seconds into hours.

The long-term stability of the EDLCs was evaluated by carrying out
float tests performed at 2.7 V for a total of 250 h. Every 20 h, 50
charge/discharge cycles were carried out at 1 Ag� 1 between 0–
2.7 V.

Post-mortem investigation for electrolytes

The degradation processes occurring on the electrolyte during the
EDLCs test were investigated utilizing a X-type Swagelok cell,
identical to that utilized by our group in a previous study.[18] In this
cell, a ring-shaped spacer (3 mm thickness) with a cutout at one
side was used instead of the Whatman glass fiber separator.[18]

Through this cutout, a larger volume of electrolyte in 1.4 mL was

injected into the cell to provide enough electrolyte reservoir for the
later degradation analysis. Float tests were performed using the
modified cells at 2.7 and 2.9 V with a voltage hold of 5 h for a total
of 150 h. After each voltage hold, 5 charge/discharge cycles were
carried out at 1 Ag� 1 between 0 V and the applied cell voltage. At
the end of the float tests, the cell was opened in an argon-filled
glovebox, and 300 μL electrolyte was extracted. The extracted
electrolyte was then investigated by carrying out post-mortem GC-
MS analysis, following the same procedure reported in the
literature.[18] The post-mortem GC-MS measurements were carried
out utilizing an Agilent 7890B GC, equipped with an Agilent 7683
Series ALS, and an Agilent 5977 A MS (EI-MSD, single quadrupole).
The set-up contains an Agilent HP-5 ms column (30 m, ID 250 μm,
DF 1 μm, � 60 to 325 °C) in an oven set to a temperature range of
70–280 °C, applying a temperature ramp of 10 °Cmin� 1. The
injection volume was set to 5 μL and the respective carrier-gas flow
(He) was set to 1 mLmin� 1 at a split ratio of 3 : 1. The obtained
mass-spectra were compared to a NIST/EPA/NIH Mass Spectral
Library (version 2.2, build June 10, 2014), with the determined
analytes showing a match probability higher than 70% displayed in
the respective total ion chromatograms (TICs). The TICs were
subjected to background subtraction and baseline correction.

Acknowledgements

K.S.T. and A.B. wish to thank the Deutsche Forschungsgemein-
schaft (DFG) [project BA4956/24-1 within the Forschungsgruppe
FuncHeal FOR5301] for the financial support. Open Access funding
enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Keywords: capacitors · gamma-valerolactone · electrolytes ·
post-mortem analysis · sustainable solvents

[1] a) N. S. Choi, Z. Chen, S. A. Freunberger, X. Ji, Y. K. Sun, K. Amine, G.
Yushin, L. F. Nazar, J. Cho, P. G. Bruce, Angew. Chem. Int. Ed. 2012, 51,
9994–10024; Angew. Chem. 2012, 124, 10134–10166; b) F. Beguin, V.
Presser, A. Balducci, E. Frackowiak, Adv. Mater. 2014, 26, 2219–2251.

[2] a) Z. Yang, J. Zhang, M. C. Kintner-Meyer, X. Lu, D. Choi, J. P. Lemmon, J.
Liu, Chem. Rev. 2011, 111, 3577–3613; b) S. S. Zhang, Front. Energy Res.
2013, 1, 8; c) A. Manthiram, Y. Fu, Y. S. Su, J. Phys. Chem. Lett. 2013, 4,
1295–1297.

[3] a) C. Zhong, Y. Deng, W. Hu, J. Qiao, L. Zhang, J. Zhang, Chem. Soc. Rev.
2015, 44, 7484–7539; b) C. Schütter, S. Pohlmann, A. Balducci, Adv.
Energy Mater. 2019, 9, 1900334; c) P. Simon, Y. Gogotsi, Nat. Mater.
2008, 7, 845–854; d) R. Kötz, M. Carlen, Electrochim. Acta 2000, 45,
2483–2498; e) L. Xia, L. Yu, D. Hu, G. Z. Chen, Mater. Chem. Front. 2017,
1, 584–618.

[4] a) M. S. Whittingham, Proc. IEEE 2012, 100, 1518–1534; b) M. Şahin, F.
Blaabjerg, A. Sangwongwanich, Energies 2022, 15, 674; c) S. Banerjee, B.
De, P. Sinha, J. Cherusseri, K. K. Kar, in Handbook of Nanocomposite

ChemSusChem
Research Article
doi.org/10.1002/cssc.202201845

ChemSusChem 2023, 16, e202201845 (8 of 9) © 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 04.01.2023

2301 / 277845 [S. 146/147] 1

https://doi.org/10.1002/anie.201201429
https://doi.org/10.1002/anie.201201429
https://doi.org/10.1002/ange.201201429
https://doi.org/10.1021/cr100290v
https://doi.org/10.1021/jz4006652
https://doi.org/10.1021/jz4006652
https://doi.org/10.1039/C5CS00303B
https://doi.org/10.1039/C5CS00303B
https://doi.org/10.1002/aenm.201900334
https://doi.org/10.1002/aenm.201900334
https://doi.org/10.1038/nmat2297
https://doi.org/10.1038/nmat2297
https://doi.org/10.1016/S0013-4686(00)00354-6
https://doi.org/10.1016/S0013-4686(00)00354-6
https://doi.org/10.1039/C6QM00169F
https://doi.org/10.1039/C6QM00169F


Supercapacitor Materials I, Vol. 300 (Ed.: K. K. Kar), Springer, Cham, 2020,
341–350.

[5] a) A. Balducci, J. Power Sources 2016, 326, 534–540; b) Z. Lin, E. Goikolea,
A. Balducci, K. Naoi, P. L. Taberna, M. Salanne, G. Yushin, P. Simon,
Mater. Today 2018, 21, 419–436.

[6] J. Krummacher, C. Schütter, L. H. Hess, A. Balducci, Curr. Opin. Electro-
chem. 2018, 9, 64–69.

[7] a) T. E. Rufford, D. Hulicova-Jurcakova, Z. Zhu, G. Q. Lu, Electrochem.
Commun. 2008, 10, 1594–1597; b) N. Böckenfeld, S. S. Jeong, M. Winter,
S. Passerini, A. Balducci, J. Power Sources 2013, 221, 14–20; c) M.
Shanmuga Priya, P. Divya, R. Rajalakshmi, Sustain. Chem. Pharm. 2020,
16, 100243; d) D. Leistenschneider, L. H. Heß, A. Balducci, L. Borchardt,
Sustain. Energy Fuels 2020, 4, 2438–2447.

[8] a) M. Melchiorre, R. Esposito, M. Di Serio, G. Abbate, A. Lampasi, A.
Balducci, F. Ruffo, Energies 2021, 14, 4250; b) M. Ue, K. Ida, S. Mori, J.
Electrochem. Soc. 1994, 141, 2989–2996; c) M. Väärtnõu, E. Lust, J.
Electroanal. Chem. 2019, 851, 113438.

[9] L. L. Pham, L. Truong, G. Ouedraogo, S. Loisel-Joubert, M. T. Martin, K.
Paul Friedman, Food Chem. Toxicol. 2019, 132, 110718.

[10] a) S. Dutta, I. K. M. Yu, D. C. W. Tsang, Y. H. Ng, Y. S. Ok, J. Sherwood,
J. H. Clark, Chem. Eng. J. 2019, 372, 992–1006; b) F. Kerkel, M.
Markiewicz, S. Stolte, E. Müller, W. Kunz, Green Chem. 2021, 23, 2962–
2976.

[11] a) GESTIS-Stoffdatenbank 2022, can be found under https://gestis.dguv.
de/data?name=013660 (accessed 12.09.2022); b) GESTIS-Stoffdaten-
bank 2022, can be found under https://gestis.dguv.de/data?name=

070730 (accessed 12.09.2022); c) GESTIS-Stoffdatenbank 2022, can be
found under https://gestis.dguv.de/data?name=490141 (accessed
12.09.2022); d) K. Xu, Chem. Rev. 2004, 104, 4303–4417.

[12] Sigma-Aldrich, can be found under www.sigmaaldrich.com (accessed
22.09.2022).

[13] a) M. O. Guerrero-Pérez, M. A. Bañares, Catal. Today 2015, 239, 25–30;
b) B.-Y. Yu, J.-W. Ciou, P.-J. Wu, G.-B. Wang, J. Inst. Chem. 2021, 122, 32–
39; c) S. Huang, X. Zhu, S. Sarkar, Y. Zhao, APL Mater. 2019, 7, 100901.

[14] D. Lowe, “The Great Acetonitrile Shortage”, can be found under https://
www.science.org/content/blog-post/great-acetonitrile-shortage (ac-
cessed 27.09.2022).

[15] a) J. S. Buchanan, Z. Jiang, J. G. Santiesteban, W. A. Weber (Exxonmobil
Chemical Patents, Inc.), WO2003000641 A1, 2003; b) J.-P. Lange (Shell
Oil Company), US7728164B2, 2010.

[16] a) J. Wang, Z. Xiang, Z. Huang, Q. Xu, D. Yin, Front. Chem. 2022, 10,
959572; b) L. Ye, Y. Han, J. Feng, X. Lu, Ind. Crops Prod. 2020, 144,
112031.

[17] L. H. Hess, A. Balducci, Electrochim. Acta 2018, 281, 437–444.
[18] L. Köps, F. A. Kreth, A. Bothe, A. Balducci, Energy Storage Mater. 2022,

44, 66–72.
[19] S. Pohlmann, A. Balducci, Electrochim. Acta 2013, 110, 221–227.
[20] S. Pohlmann, C. Ramirez-Castro, A. Balducci, J. Electrochem. Soc. 2015,

162, A5020-A5030.
[21] P. W. Ruch, D. Cericola, A. Foelske-Schmitz, R. Kötz, A. Wokaun,

Electrochim. Acta 2010, 55, 4412–4420.
[22] a) J. Krummacher, C. Schütter, S. Passerini, A. Balducci, ChemElectroChem

2017, 4, 353–361; b) A. Brandt, P. Isken, A. Lex-Balducci, A. Balducci, J.
Power Sources 2012, 204, 213–219.

[23] S. Pohlmann, R.-S. Kühnel, T. A. Centeno, A. Balducci, ChemElectroChem
2014, 1, 1301–1311.

[24] M. Al-Lami, D. Havasi, B. Batha, É. Pusztai, L. T. Mika, J. Chem. Eng. Data
2020, 65, 3063–3071.

[25] L. H. Hess, A. Balducci, ChemSusChem 2018, 11, 1919–1926.
[26] A. Krause, P. Kossyrev, M. Oljaca, S. Passerini, M. Winter, A. Balducci, J.

Power Sources 2011, 196, 8836–8842.
[27] S. Vaquero, J. Palma, M. Anderson, R. Marcilla, J. Electrochem. Soc. 2013,

160, A2064-A2069.
[28] C. Schütter, T. Husch, V. Viswanathan, S. Passerini, A. Balducci, M. Korth,

J. Power Sources 2016, 326, 541–548.
[29] C. Schütter, T. Husch, M. Korth, A. Balducci, J. Phys. Chem. C 2015, 119,

13413–13424.
[30] C. Schütter, A. Bothe, A. Balducci, Electrochim. Acta 2020, 331, 135421.

Manuscript received: September 30, 2022
Revised manuscript received: October 31, 2022
Accepted manuscript online: November 15, 2022
Version of record online: November 30, 2022

ChemSusChem
Research Article
doi.org/10.1002/cssc.202201845

ChemSusChem 2023, 16, e202201845 (9 of 9) © 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 04.01.2023

2301 / 277845 [S. 147/147] 1

https://doi.org/10.1016/j.jpowsour.2016.05.029
https://doi.org/10.1016/j.mattod.2018.01.035
https://doi.org/10.1016/j.coelec.2018.03.036
https://doi.org/10.1016/j.coelec.2018.03.036
https://doi.org/10.1016/j.elecom.2008.08.022
https://doi.org/10.1016/j.elecom.2008.08.022
https://doi.org/10.1016/j.jpowsour.2012.07.076
https://doi.org/10.1016/j.scp.2020.100243
https://doi.org/10.1016/j.scp.2020.100243
https://doi.org/10.1039/D0SE00180E
https://doi.org/10.3390/en14144250
https://doi.org/10.1149/1.2059270
https://doi.org/10.1149/1.2059270
https://doi.org/10.1016/j.jelechem.2019.113438
https://doi.org/10.1016/j.jelechem.2019.113438
https://doi.org/10.1016/j.fct.2019.110718
https://doi.org/10.1016/j.cej.2019.04.199
https://doi.org/10.1039/D0GC04353B
https://doi.org/10.1039/D0GC04353B
https://gestis.dguv.de/data?name=013660
https://gestis.dguv.de/data?name=013660
https://gestis.dguv.de/data?name=070730
https://gestis.dguv.de/data?name=070730
https://gestis.dguv.de/data?name=490141
https://doi.org/10.1021/cr030203g
http://www.sigmaaldrich.com
https://doi.org/10.1016/j.cattod.2013.12.046
https://doi.org/10.1063/1.5116146
https:// www.science.org/content/blog-post/great-acetonitrile-shortage
https:// www.science.org/content/blog-post/great-acetonitrile-shortage
https://doi.org/10.1016/j.indcrop.2019.112031
https://doi.org/10.1016/j.indcrop.2019.112031
https://doi.org/10.1016/j.electacta.2018.05.168
https://doi.org/10.1016/j.ensm.2021.10.006
https://doi.org/10.1016/j.ensm.2021.10.006
https://doi.org/10.1016/j.electacta.2013.02.114
https://doi.org/10.1149/2.0041505jes
https://doi.org/10.1149/2.0041505jes
https://doi.org/10.1016/j.electacta.2010.02.064
https://doi.org/10.1002/celc.201600534
https://doi.org/10.1002/celc.201600534
https://doi.org/10.1016/j.jpowsour.2011.12.025
https://doi.org/10.1016/j.jpowsour.2011.12.025
https://doi.org/10.1002/celc.201402091
https://doi.org/10.1002/celc.201402091
https://doi.org/10.1021/acs.jced.0c00084
https://doi.org/10.1021/acs.jced.0c00084
https://doi.org/10.1002/cssc.201800375
https://doi.org/10.1016/j.jpowsour.2011.06.019
https://doi.org/10.1016/j.jpowsour.2011.06.019
https://doi.org/10.1149/2.063311jes
https://doi.org/10.1149/2.063311jes
https://doi.org/10.1016/j.jpowsour.2016.06.022
https://doi.org/10.1021/acs.jpcc.5b02113
https://doi.org/10.1021/acs.jpcc.5b02113
https://doi.org/10.1016/j.electacta.2019.135421

