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The high temperature performance of water-in-salt electrolytes
was investigated using a carbon-based electrode with commercial
cell components. Supercapacitors using 21 m Li bis(trifluoromethyl-
sulphonyl)imide (TFSI) and 21 m LiTFSI + 7 m Li trifluoromethane-
sulphonyl electrolytes are shown to operate at a voltage of 2 V at
100 °C and 120 °C, respectively, with gravimetric capacitances
exceeding 100 F g%,

Supercapacitors are electrochemical devices which store energy
via ion adsorption at an electrode/electrolyte interface. As a
result, supercapacitors can stay operational for millions of
cycles and are able to charge/discharge rapidly making them
ideal candidates for high power applications."™ Furthermore,
supercapacitors which are capable of operation at elevated
temperatures (>60 °C) are in increasing demand due to
applications in hybrid electric vehicles, military devices, oil
drilling, mining and the aerospace industry.*” The main
limitation on the operating temperature of current supercapa-
citor technologies is the electrolyte. Commercial supercapaci-
tors based on organic electrolytes, with acetonitrile or
propylene carbonate as solvents, are not suitable for high
temperature applications due to the high flammability of the
solvent which limits the safe operating temperature of these
devices to ~60-70 °C.® Therefore, to achieve safe operation at
temperatures >70 °C, alternative electrolytes are required.

An obvious thermally stable and non-flammable solvent is
water. Standard aqueous electrolytes such as 1 M H,SO,,
1 M Na,SO, and 6 M KOH would be able to operate safely at
~100 °C. These electrolytes do, however, have some limitations.
Firstly, they have a limited potential window due to the relatively
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low electrochemical stability of water (thermodynamic limit of
1.23 V) which significantly limits the maximum energy density
when compared to organic systems. Secondly, these aqueous
electrolytes are corrosive to most metal current collectors used
in organic supercapacitors. Therefore, standard aqueous electro-
lytes are not used in commercial systems.

Recent developments in aqueous lithium ion batteries have
seen the utilisation of highly concentrated salt solutions other-
wise known as water-in-salt (WiS) electrolytes. Suo et al. reported
that a 21 m lithium bis(trifluoromethyl-sulphonyl)imide (LiTFSI)
solution has an electrochemical window of 3 V, which is far higher
than that of conventional aqueous electrolytes.’” Furthermore, it
has also been shown that the electrochemical window could be
extended to 3.1 V by dissolving an additional 7 m lithium
trifluoromethanesulphonyl (LiTFO) in the 21 m LiTFSI solution,
creating a water-in-bisalt (WiBS) electrolyte."® Since this work there
has been intensive research on WiS and WiBS electrolytes. This
has seen the WiS/WiBS concept applied to many other energy
storage systems such as zinc, sodium and potassium ion batteries
as well as supercapacitors."”'*> Hasegawa et al. used 21 m LiTFSI
electrolyte with monolithic porous carbon electrodes which were
capable of reaching 2 V and above with good stability over ten
thousand cycles."® Moreover, the WiS electrolyte did not influence
the gravimetric capacitance of the carbon electrodes, which stayed
above 100 F g-', a typical value for carbon electrodes in aqueous
electrolytes.”” Therefore, the maximum energy density for these
electrolytes is comparable with traditional organic systems. Addi-
tionally, Kuhnel et al demonstrated that LiTFSI and LiTFO
electrolytes are compatible with aluminium current collectors
meaning no significant modifications are required for commercial
implementation.'®

In this communication, we demonstrate the use of 21 m
LiTFSI and 21 m LiTFSI + 7 m LiTFO electrolytes at elevated
temperatures (>70 °C) using carbon based electrodes and stan-
dard commercial supercapacitor cell components. The majority
of literature using various WiS electrolytes has focussed on
porous carbon electrodes either containing activated carbon
(AC), high-surface-area graphene or composites of the two
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Fig. 1 Specific capacitance vs. current density for the various carbon
based electrodes chosen. The electrodes contained 5% PVDF and 90,
80, 70 or 0% AC depending on the additive (graphene or CB) percentage
shown in the legend. The specific capacitances were calculated from
galvanostatic charge—discharge profiles at different current densities.

materials."**® Therefore, initial electrode screening tests were
performed on carbon-based electrodes at room temperature con-
taining varying amounts of AC and graphene. The electrodes were
coated onto aluminium current collectors using 5% (by weight)
polyvinylidene fluoride (PVDF) binder. The graphene content of
the electrodes was varied from 95 to 15% and was compared
against a standard AC electrode containing 5% carbon black (CB).
Fig. 1 shows the specific capacitance vs. current density of the
various carbon electrodes chosen in the 21 m LiTFSI electrolyte.
The fabricated supercapacitors were mass symmetric and operated
up to 2 V.

It can be seen that the pure graphene electrode displays a
low capacitance value when compared to AC-containing elec-
trodes. The low specific capacitance values (~60 F g-') for a
majority-graphene-containing electrode is expected and agrees
with prior literature.?® This is due to the restacking of graphene
materials during electrode fabrication which reduces the active
specific surface area (SSA) of the electrode.”* There have been
several different methods to try and prevent the restacking of
the graphene sheets. However, the formation of graphene
composite electrodes with other materials, such as AC or
MoS,, has been shown to reduce this restacking.?®** In the
case of the AC-containing electrodes (5% CB, 15% or 25%
graphene) an increase in the specific capacitance compared
to the pure graphene electrode is observed. This is due to the
relatively low SSA of the graphene powder (~ 600 m> g-') when
compared to the AC powder (~2000 m> g-'). Therefore, elec-
trodes containing a majority of AC will have a larger SSA
resulting in a larger specific capacitance.>” However, it can be
seen that inclusion of 15% and 25% graphene within the
electrode produces an increase in both the capacitance and
rate performance. The improved rate performance is due to the
increase of conductive material within the electrode, evidenced
by the stepwise improvement in rate performance as the con-
ductive additive content (CB or graphene) is increased from 5 to
95%. The improvement in the specific capacitance is attributed
to improved adsorption of WiS/WiBS electrolyte ions on the
surface of graphene compared to AC pores.
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The observations are consistent with those of Mahankali
et al., who demonstrated that the surface of a graphene sheet
provides a higher areal capacitance than an AC pore when
using 21 m LiTFSL.'® Based on the results displayed in Fig. 1,
the 25% graphene-containing AC electrode was chosen for
subsequent testing.

An important variable for supercapacitors is the operating
voltage window (maximum voltage) which dictates the maximum
energy density of the device. The voltage of a supercapacitor is
typically dictated by the components’ electrochemically stable
potential window (ESPW) at positive and negative potentials.
Therefore, to maximise the voltage and lifetime of a supercapa-
citor, determination of the negative and positive electrode capa-
citance and ESPWs is required. This will allow the mass ratio of
the positive and negative electrode to be determined, which,
when applied to a device, allows for continuous operation within
the ESPW of each electrode.”®™*

The mass ratio of the 25% graphene electrode was determined
using a method previously published.”® In summary, three
electrode coin cells were created containing an over-weighted
AC counter electrode, a 25% graphene working electrode and a
silver wire quasi-reference electrode sandwiched between two
pieces of separator. These three-electrode cells are used to
determine the capacitance and potential limit of the electrodes
when they are used as a positive and negative electrode sepa-
rately. The potential limits from the three electrode cells were
determined using the dwell current measured after 5 minutes at a
constant potential between galvanostatic charge and discharge
(GCD) cycles. This potential was increased stepwise (0.05 V) until
a significant increase in the current value during the potential
dwell was observed. The increase in current indicates that the
ESPW of the electrolyte/electrode has been exceeded. The combi-
nation of the negative and positive ESPWs will also indicate the
maximum possible voltage of the electrolyte/electrode system.
The capacitance of the electrode was determined from the GCD
profiles. This information allows the optimal mass ratio between
the positive and negative electrodes to be determined using

eqn (1).

m't  CSAE™ )
m-  CJAE*

where m" and m- are the active masses; CS and Cg are the
gravimetric capacitances of each electrode; and AE" and AE- are
the ESPWs of the positive and negative electrodes, respectively.
Fig. 2A shows the dwell current vs. potential for the three-
electrode coin cells using the 25% graphene working electrode
in the 21 m LiTFSI electrolyte. From a sample set of three cells for
each potential limit, average limits were calculated. These limits
are indicated by black and red lines for the positive and negative
limits respectively. The plots shown are of samples which pro-
vided the closest representations of the averaged limits. From
averaged values of three cells, AE" is 0.76 & 0.08 V and AE- is
1.29 &+ 0.06 V, giving an ESPW of 2.05 £+ 0.14 V. Therefore, in a
mass symmetric device the cell voltage would be limited by the
positive electrode.
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Fig. 2 (A) Plot showing the last current during the dwell vs. potential limit
for the 25% graphene, 70% AC and 5% PVDF electrode in 21 m LiTFSI
electrolyte. The dashed black and red lines represent the positive and
negative limits chosen, respectively. (B) GCD profiles for the 25% graphene
electrode with mass symmetric (m*/m~ = 1) and mass asymmetric
(m*/m~ = 1.3) supercapacitors recorded at a current density of 0.2 A g~*.
All measurements were performed at 20 °C.

Consequently, the measured limits and capacitances found
via eqn (1) can be used to determine the optimal electrode mass
ratio which was found to be 1.3. To verify the mass ratio, two-
electrode coin cells were fabricated with symmetric (m'/m- = 1)
and optimised asymmetric (m'/m~ = 1.3) masses for GCD
operation and cycling. Fig. 2B shows the GCD profiles of both
coin cells when operated up to 2 V at 0.2 A g-". The GCD profile
of the symmetric cell showed a sign of degradative processes as
a non-linear voltage response was seen above 1.8 V. In the case
of the asymmetric device, a linear voltage response was seen up
to 2 V indicating no degradation was occurring in this voltage
range. The cycling performance over 10 000 cycles at 1 A g-* for
the mass symmetric and asymmetric coin cells at 20 °C is
displayed in the ESIt (Fig. S2). It can be seen that the asym-
metric device displayed better capacitance retention due to the
symmetric supercapacitor exceeding its ESPW during opera-
tion, thus validating the mass ratio obtained.

The mass-balanced 25% graphene supercapacitor was used
to probe the performance of the 21 m LiTFSI electrolyte at
elevated temperatures. Fig. 3A shows the cyclic voltammograms
(CV) for several temperatures ranging from 20 °C to 100 °C for
the mass-balanced, 25% graphene electrode. When the tem-
perature was increased above 100 °C, cell failure was observed
due to evaporation of the electrolyte. It can be seen that the CV
current response increased stepwise with temperature. This is
due to an increase in the capacitance of the cell at elevated
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Fig. 3 (A) CVsat 50 mV s~ for the mass balanced cell at 20 °C, 80 °C and

100 °C. (B) Nyquist plots for the mass balanced 25% graphene coin cell at
20 °C, 40 °C and 100 °C in the 10 mHz to 100 kHz frequency range. Inset
shows the high frequency region.
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temperatures (data shown in the ESI,{ Fig. S3(A)). The improve-
ment in capacitance corresponds to a stepwise increase in the
energy density from 59.4 W h kg-" (at 20 °C) to 70.6 W h kg*
(at 100 °C) The increase in capacitance is due to a lowering of
the viscosity and associated increase in access to micropores by
the electrolyte.””® This improvement in the viscosity and con-
ductivity is also seen in the Nyquist plots (Fig. 3B). The
temperature increase causes a reduction in the solution and
charge transfer resistances.

These decreases in resistance values indicate that the power
capability of the supercapacitors would improve with increased
temperature, an effect seen for high temperature ionic liquid
electrolytes.>**”

However, it should be noted that the ESPW of the device
decreases with increases in temperature. This can be seen as when
the temperature increased the CVs (Fig. 3A) deviated more from
the classical “rectangular” response of a pure double-layer capa-
citor. This distortion or tailing of CVs is indicative of degradative
side reactions occurring within the cell.”® This is expected as the
increase in temperature increases the amount of free water within
the electrolyte that can subsequently decompose at the electrode.>
The cycling performance of the supercapacitor at 100 °C using
1.5 Vand 2 V as the upper limit is provided in the ESIt (Fig. S3(B)).
The cycling performance of the supercapacitor is significantly
improved when using 1.5 V (~15% loss) compared to 2 V
(~37% loss) as the upper limit. Therefore, when operated at high
temperature the operating voltage of the device would need to be
decreased to ~1.5 V to extend the lifetime of the device. This
reduction to 1.5 V from 2 V would decrease the energy density of
the supercapacitor by ~45%. Therefore, this electrolyte is not
competitive in energy density (or voltage) when compared against
current commercial high temperature supercapacitors. The low-
ering of the voltage at increased temperature for the 21 m LiTFSI
electrolyte has been seen before and avoided via the formation of
a gel electrolyte*®*! or via combination with organic solvents.*?
However, the formation of a gel limits the power capability of the
device and inclusion of organic solvents limits the highest
accessible temperature. Another way to improve the operating
voltage at higher temperatures is to increase the salt concen-
tration and use the 21 m LiTFSI + 7 m LiTFO WiBS electrolyte.
The higher concentration of salt within the electrolyte further
reduces the amount of free water available whilst increasing the
boiling point of the electrolyte.'® This could increase the voltage
window of a supercapacitor when operated at high temperatures
and increase the highest temperature achievable.

Fig. 4A and B show the cyclic voltammograms (CV) and
Nyquist plots for the WiBS system at several temperatures
ranging from 20 °C to 120 °C for the mass-balanced, 25%
graphene electrode. Similar to the 21 m LiTFSI electrolyte, an
increase in the capacitance was observed with increasing
temperature, as seen in the ESIt (Fig. S4(A)), this corresponded
to an increase in the energy density from 60.6 W h kg
(at 20 °C) to 78.9 W h kg-' (at 120 °C). There was also a
reduction in the solution and charge transfer resistance with
increasing temperature. This is again due to a reduction in
viscosity and an increase in the ionic conductivity and better

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (A) CVsat 50 mV s~ for the mass balanced 25% graphene, 70% AC
and 5% PVDF coin cells at 20 °C, 80 °C, 100 °C and 120 °C. (B) Nyquist plots
for the mass balanced 25% graphene coin cell at 20 °C, 45 °C, 80 °C and
120 °C in the 10 mHz to 100 kHz frequency range. Inset shows the high
frequency region.

access to the smallest micropores. However, unlike the 21 m
LiTFSI electrolyte no significant reduction in the ESPW was
observed with an increase in temperature. This is highlighted
in Fig. S4(B) (ESIt), which shows improved capacitance reten-
tion during cycling (~83%) at 110 °C using the LiTFSI/LiTFO
electrolyte with 2 V as the upper limit.

As a result, the 21 m LiTFSI + 7 m LiTFO electrolyte has
comparable energy density with commercial devices (~75%)
and can operate at higher temperatures (>100 °C). The capa-
citive performance and cyclability of the supercapacitors was
unaffected by the heating and returned to previously measured
values when tested at 20 °C (Fig. S5, ESIt). Therefore, no
significant degradation of the electrode, electrolyte or cell
components (e.g. aluminium current collector) occurred when
the supercapacitor was operated at elevated temperatures.

In conclusion, we show the optimisation of a 25% graphene-
containing AC electrode fabricated using industrial binder and
current collectors with water-in-salt electrolytes. Using cell optimi-
sation methods, the supercapacitor voltage window was maxi-
mised via mass balancing enabling each electrolyte to operate
up to 2 V without any degradation. The mass balanced super-
capacitors displayed gravimetric capacitances of ~107 F g-" and
~109 F g-' measured at room temperature at 0.2 A g-* for 21 m
LiTFSI and 21 m LiTFSI + 7 m LiTFO electrolytes, respectively.
Additionally, we demonstrated that the electrolytes were capable of
operating at temperatures of 100 °C (LiTFSI) and 120 °C (LiTFSI +
LiTFO) with improved specific capacitance and energy density and
reduced solution and charge transfer resistances. Furthermore, the
high operating temperatures had no adverse effects on device
performance when they were returned to room temperature. These
findings demonstrate that water-in-salt electrolytes are excellent
candidates for high temperature supercapacitor applications due
to the compatibility with current commercial supercapacitor pro-
duction methods and the inherent safety of the aqueous systems.
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