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In this work we demonstrate the application of a highly concentrated aqueous electrolyte to a hybrid
supercapacitor cell. We combine an 8 m Sodium bis(trifluoromethanesulfonyl)imide (NaTFSI) aqueous
electrolyte with a nanostructured VO»-cathode to enhance the voltage widow up to 2.4 V in a full cell.
With the enhanced potential window, we are able to exploit the full contribution of the VO, material,
where a part is outside the stability window of standard alkaline aqueous electrolytes. We show that the

VO3 material in the highly concentrated electrolyte provides a faradaic contribution even at the highest

current density (25 A/g) and in this way increases the energy content also in high power conditions. The

K ds:

Heigml;'rasmcentrated electrolyte full Fell shqws a good efficiency but also a capacity fade over 500 cycles (39%) which is most likely related
NaTESI to dissolution of VO,.

VO2 © 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

Supercapacitor
Stability

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

There has in recent years been considerable efforts devoted to
increase the energy content of supercapacitors to meet the demand
by applications where both power and energy are needed. One
route to achieve this is adding electrochemically active materials,
such as MnO; or RuO,, to the electrodes, to also exploit faradaic
contributions to the capacity, in addition to the electric double
layer, in a hybrid device [1,2]. Typically, a standard electrode with
activated carbon (AC) has a specific capacity in the range of 33 mAh/
g [3,4] while a MnO, electrode has a specific capacity up to 308
mAh/g [5], both in neutral aqueous electrolytes. A second route
explored is to increase the voltage widow since the energy content
of a supercapacitor is proportional to the potential window squared
[6]. This is illustrated by comparing the performance of an electric
double layer capacitor (EDLC) using a high voltage electrolyte, up to
more than 30 Wh/kg with a cell voltage up to 3.5 V[ 7], compared to
cells with aqueous based electrolytes with cell voltage up to 1.6 V
and energy content around 10 Wh/kg [8]. One way to achieve even
higher energy content is to combine electrolytes with larger
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electrochemical stability with electrochemically active electrodes.
This concept has for instance been demonstrated by Zhang et al.
using a Fe304-graphene nanocomposite electrode and an organic
solvent based electrolyte (ethylene carbonate, diethyl carbonate
and dimethyl carbonate) with a cell voltage around 3 V [9]. How-
ever, organic solvent electrolytes are flammable which introduces
safety concerns and increases the electrolyte cost compared to
water-based electrolytes. Thus, there is an interest to investigate
new electrolyte systems with the possibility to combine a larger
voltage window with the safety and environmental friendliness of
aqueous electrolytes.

Highly concentrated aqueous electrolytes [6,10,11], with salt
concentrations considerably above the standard concentration of
about 1 M, have gained considerable interest, due to the increased
electrochemical stability window compared to traditional aqueous
electrolytes and improved safety and less toxicity compared to
organic solvent electrolytes [12]. The increased electrochemical
stability originates from the fact that all solvent molecules (water)
will be engaged in coordinating the ions and thereby leading to a
suppression of water splitting at higher potential [13]. A standard
aqueous electrolyte would start to decompose around 1.3—1.5 V,
whereas highly concentrated electrolytes have been shown to be
stable up to 3 V [14], depending on type of salt and salt concen-
tration. Thus, a supercapacitor utilizing a highly concentrated

0013-4686/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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electrolyte can be cycled in a wider potential window, resulting in
an increase in the energy density of the cell.

Increasing the salt concentration, however, also lowers the
conductivity of the electrolyte and for supercapacitors this is
detrimental for the power density. For optimal power performance
both the potential window and conductivity need to be optimized
by tuning the salt concentration. Battaglia et al. investigated the
performance as a function of salt concentration of symmetric car-
bon/carbon cells using an aqueous NaTFSI electrolyte and found
8 m NaTFSI (corresponding to 3.75 M) to be an optimal concen-
tration, balancing electrochemical stability and conductivity to
optimize the power performance [11]. This can be compared with
the concentrations reported for highly concentrated electrolytes in
battery applications around 21 m [12,14]. For higher concentrations
the power performance is limited by the conductivity whereas at
lower concentrations the voltage window was not significantly
enhanced.

To develop this approach further we have in this work investi-
gated the interaction between the 8 m NaTFSI aqueous electrolyte
and a faradaic cathode, based on nanostructured VO, in a hybrid
supercapacitor cell. VO, materials in general show good specific
capacity using aqueous electrolytes [15—17], however, in some
studies with a limited cycle performance [15]. The capacity fade has
been attributed to chemical dissolution [18] as well as other
mechanisms induced by the intercalation/extraction of ions, such
as destroyed particle morphologies during cycling [19]. Here we
investigate the useful potential window, capacity retention and
efficiency of a VO, cathode material when combined with the
highly concentrated electrolyte as well as demonstrating its
application in a full hybrid cell with an activated carbon anode.

2. Experimental

NaTFSI (99.5%, Solvionic), Activated carbon (AC) (Darco G-60,

600 mzlg, 0.95 ml/g), polyvinylidene fluoride (PVdF), carbon black
(both from Sigma-Aldrich) were all used as received. To prepare the
electrolyte NaTFSI was mixed with milliQ water.

The VO, active material was synthesized according to the pre-
viously published procedure using a solvothermal method for
either 2.5 or 4 h [17]. SEM images of the as prepared VO, material
were acquired on a high-resolution Zeiss Ultra Plus 55 scanning
electron microscope (SEM) operated at a voltage of 2.0 kV. Elec-
trodes were prepared by grinding-mixing the active material (80%),
carbon black (10%) and PVdF (10%) with NMP in a mortar for 10 min.
The slurry was then applied to the stainless steel current collector
and dried at 60 °C overnight.

T-shaped Teflon cells, with stainless steel rods as current col-
lectors were used for all electrochemical measurements. The elec-
trode projected area was 0.785 cm? and the mass loading varied
between 1.1 and 1.8 mg/cmz, which could be considered quite low
compared to the mass loading of AC in state-of-the-art super-
capacitors which is around 10 mg[cm2 [20]. The activated carbon
electrodes had similar mass loading as the VO, electrodes in the 3-
electrode measurements and approximately the double in the full
cell measurements. Filter paper was used as separator. Ag/AgCl was
used as reference in a saturated KCI-solution with a fresh Vycor-tip
attached at the end of the reference container. The counter elec-
trode was prepared by oversizing an AC-electrode.

The electrochemical measurements were performed on a Bio-
Logic VMP3 electrochemical workstation. Scan speeds between 10
and 200 mV/s were used for cyclic voltammetry (CV) and in con-
stant current (CC) cycling current densities between 2 and 25 A/g,
with respect to total electrode weight, were used to ensure that
both the high energy and high-power performances were evalu-
ated. Rate tests were performed in the potential windows of
0 to —1.2 V and 0-1.2 V for the AC and the VO; electrodes,
respectively, in the 8 m NaTFSI aqueous electrolyte and between
0 and 0.5 V in the 6 M KOH electrolyte for the VO, electrode. The
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Fig. 1. CV response of VO, electrodes with materials synthesized for 2.5 and 4 h, respectively, with the highly concentrated electrolyte a) 200 mV/s, b) 50 mV/s and c) 10 mV/s d)

SEM images of the as prepared materials.
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cut-off voltage for the highly concentrated electrolyte was set to
1.2 V since no additional peaks appeared at higher potentials and
expanding the voltage window further did not improve the ca-
pacity. The upper potential of the alkaline electrolyte was set to
0.5 V to avoid hydrogen or oxygen evolution at higher voltage
promoted by pH-changes at the surface of the electrodes [21].
Balanced electrodes were prepared for the full cell with respect to
their specific capacity determined at a current density of 25 A/g.

3. Results and discussion

The morphology of the VO, materials depends heavily on the
reaction time during solvothermal synthesis [17]. Thus, initially the
morphology of the two VO, materials, processed for 2.5 and 4 h
respectively, and the electrochemical properties, when used with
the highly concentrated electrolyte, were characterized. Subse-
quently the best performing material was evaluated in a half-cell
with the highly-concentrated electrolyte and its applicability
demonstrated in a full, asymmetric cell.

In Fig. 1 SEM images of the two materials show that both are
built up of 200 nm diameter spheres, but with different surface
morphology. The material processed for 2.5 h has nanorods on the
surface and a specific surface area of 16 mzlg, while the material
processed for 4 h has a rougher surface with nanoflakes and a larger
surface area, 24 mzfg. It has previously been reported that the
difference in processing time also can result in a slight difference in
crystal structure [9,10]. Both materials are expected to be mono-
clinic, but with a slight increase in lattice parameters with pro-
cessing time. Both the morphology and the crystal structure are
expected to influence the electrochemical response of the material.

Fig. 1 shows the CV response for the two VO,-materials with the
highly concentrated electrolyte at different scan rates (10—200 mV/
s). The response for both materials deviates substantially from the
typical square shape related to a double layer capacitance contri-
bution. The broad peaks around 0.4 and 1 V at low scan rate, Fig. 1c,
show that VO, adds a faradaic contribution to the capacity. With
increasing scan rate, the peaks become less pronounced but can
still be discerned at 200 mV/s, Fig. 1a.

Even though both materials have similar CV characteristics the
current response is consistently higher for the material processed
for 4 h. This difference in performance can be attributed to the
difference in surface area and is in agreement with previously re-
ported results using a 6 M KOH aqueous electrolyte [17]. The dif-
ference in surface area is especially important at faster scan rates,
when the reactions are limited to the surface, and explains the
larger difference in current response at the highest scan speed,
200 mV/s. At slower scan rates the contribution from the faradaic
reactions becomes more important. The increased current for the
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4 h material can also in this case be partly related to the larger
surface area since more VO3-units are available for electrochemical
reactions. However, there could also be a contribution related to the
increase in lattice parameters allowing easier insertion/extraction
of Na-ions. One can note that the shape of the CV for the VO,
electrode in the 8 m NaTFSI electrolyte is very similar to the CV
when using a 1 M LiClO4 propylene carbonate electrolyte with VO,
[22], which could indicate that the insertion/extraction processes
for Na™ and Li* are similar and with slower kinetics of both elec-
trolytes compared to standard aqueous electrolytes.

Based on the increased current response the VO, material pro-
cesses for 4 h was chosen to further investigate the functionality of
the highly concentrated electrolyte. In Fig. 2 the CV response of the
VO,-electrode using the highly concentrated 8 m NaTFSI electrolyte
and a standard 6 M KOH electrolyte are compared at two different
scan speeds. The current responses for the two electrolytes have
very different characteristics. The 6 M KOH electrolyte displays
clear peaks in the CV, at 0.25 and 0.15 V for oxidation and reduction,
respectively, indicating fast kinetics, further underlined by the
relatively small shifts and broadenings as the scan speed is
increased. The rapid current increase at 0.5 V indicates electrolyte
decomposition and that the end of the stable potential window has
been reached.

In contrast, the current response when using the 8 m NaTFSI
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Fig. 3. CV response at different scan rates of the VO,-electrode in cells with the highly
concentrated electrolyte.
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Fig. 2. Comparison of CV response of VO, electrodes in 6 M KOH and 8 m NaTFSI electrolytes at scan rates a) 10 mV/s and b) 100 mV/s.
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electrolyte displays much broader peaks, at 0.4 and 0.9 V for
oxidation and reduction, respectively, which are barely visible at
higher scan rates. The peak at 0.9 V (10 mV/s) during oxidation and
the shoulder at 0.6 V during reduction can only be seen with the
highly concentrated electrolyte since it is outside the stability
window for the KOH-based electrolyte. This demonstrates that the
highly concentrated electrolyte has an increased potential window
compared to the alkaline electrolyte resulting in both an increased
energy contribution from the non-faradic double layer capacity as
well as enabling the exploitation of the full faradaic contribution of
the VO2 material.
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Fig. 4. Specific capacity and efficiency of VO,- and AC-electrodes with the highly
concentrated electrolyte.
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The broadening of the peaks in the CV when using the highly
concentrated electrolyte indicate slower kinetics of the faradaic
process. The slower kinetics can be an effect of the lower conduc-
tivity of the 8 m NaTFSI electrolyte (¢ = 48 mS/cm [11]) compared
to the 6 M KOH electrolyte (¢ = 600 mS/cm [23]). An additional
factor that can influence the CV is the characteristics of the ions in
the electrolyte. Na* is smaller than K*, even in its hydrated form,
1.02—1.07 A and 1.38—1.46 A respectively [24] and the smaller size
of Na* could favor efficient insertion into VO,. However, the anions
are also very different. The OH™ will increase the pH of the elec-
trolyte and is also very mobile [23] whereas the TFSI anion will
coordinate strongly with the Na-ions [12], which slows down the
insertion process. These factors are most likely also part of the
explanation of the smeared out peaks in the CV at higher scan
speed for the cell with the highly concentrated electrolyte.

The effect of scan rate on the CV response for cells with the
highly concentrated electrolyte is reported in Fig. 3. Increasing the
scan rate gradually tilts the curves, which is related to an increased
the resistivity of the system. This is further underlined by an in-
crease in the internal resistance (IR) drop at faster scan rate, which
discussed in detail below, Fig. 5. However, even at the highest scan
rate, 200 mV/s, a small faradaic contribution to the total capacity
can be observed since the CV response is not completely linear, as
seen in Fig. 3.

To assess the capacity of the VO,-material in the highly
concentrated electrolyte, the 3-electrode setup was cycled at con-
stant current densities of 25, 17 and 2 A/g, and compared to the
performance of commercial activated carbon in the same electro-
lyte, Fig. 4. The capacity of the VO, electrode is considerably higher
than that of the AC-electrode at low scan rates but the capacity
retention is worse, loosing 79% of the specific capacity when going
from 2 to 25 A/g, compared to 50% for AC-electrode. This difference
can be attributed to the higher surface area and the higher
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Fig. 5. Potential profiles during constant current charge/discharge at a) 25 Alg, b) 10 A/g and c) 2 A/g of the VO,- and AC electrodes with the highly concentrated electrolyte.
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conductivity of activated carbon and that a large part of the capacity
at low current densities comes from slower faradaic insertion
processes. One can note that the specific capacity is still higher for
the VO, electrode at the highest current density (25 A/g) showing
that also at this very high current density there is a small faradaic
contribution. The coulombic efficiency is high and comparable for
both electrodes. Initially it is above 100% which could be explained
by irreversible changes on the surfaces of the electrodes or inter-
action with oxides on the current collectors.

To further investigate the response of the VO,- and AC-
electrodes with the highly concentrated electrolyte, the voltage
profiles in constant current experiments are compared in Fig. 5. The
voltage profiles from the experiments using the VO,-electrodes
show a clear non-linearity connected to the faradaic processes in
the charge storage mechanism compared to the linear profile of the
response from the activated carbon electrode which has only a
double layer contribution. There is also a difference in the CC-
response concerning the IR-drop. At 25 A/g an IR-drop of about
0.32 Vis found for the VO;-electrode, while the AC-electrode shows
a smaller drop, 0.18 V. At 2 A/g this difference has almost dis-
appeared underlining the importance of the conductivity of the
electrode material at high current densities.

To assess the cycle lifetime of the VO,-electrode with the highly
concentrated electrolyte, it was cycled in a 3-electrode setup 500
times at 25 A/g. The results are shown in Fig. 6 with the specific
capacity and the efficiency of the electrode calculated every 25th
cycle. There is a clear capacity fade and over the first 400 cycles the
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Fig. 6. Cycle lifetime and efficiency of VO, during 500 cycles at 25 Afg.

capacity is reduced by 39%, but then stabilizes. The capacity fade
can be related to slow dissolution of VO, into the electrolyte as a
result of slightly acidic conditions [18] and is in line with literature
results on comparableVO;-electrodes [15]. The coulombic effi-
ciency of the cell only decreases 4% during 500 cycles.

To demonstrate the applicability of VO, material in combination
with the highly concentrated electrolyte in a hybrid supercapacitor
device it was investigated in a full cell configuration with activated
carbon as anode material. By combining the VO;-cathode with the
AC-anode and using the highly concentrated electrolyte it is
possible to obtain a full cell potential of 2.4 V. To assemble a full cell
the capacities of the VO,-cathode and the AC-anode need to be
determined in order to balance the cell, thus the two electrodes
were characterized separately in their corresponding potential
windows, Fig. 7. At 25 A/g the VO, electrode has a specific capacity
1.4 times higher than the AC-anode, hence in the full cell the weight
of the AC-electrode was 1.4 times higher. Fig. 8 shows the capacity
retention and the efficiency of the VO,/8 m NaTFSI/AC full cell over
500 cycles. The retention for the full cell is slightly better than for
the individual VOy-electrode. The full cell loses around 35% of the
initial capacity over 500 cycles. However, the efficiency is still quite
good and is approaching 99% during cycling.

4. Conclusions

We show that by using a neutral highly concentrated aqueous
electrolyte it is possible to expand the upper potential limit
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compared to aqueous alkaline electrolytes, from 0.5 to 1.2 V, in a
hybrid supercapacitor application resulting in a full cell voltage of
2.4 V. An 8 m NaTFSI highly concentrated electrolyte is combined
with a faradaic VO, material which results in a higher capacity
compared to a standard KOH electrolyte, even though the con-
ductivity of the 8 m NaTFSI electrolyte is lower. The mechanism
behind the increased capacity is related to the faradaic process with
insertion of Nat in the VO structure. The CC-potential profiles
clearly show, non-linear, behavior typical of battery-type, or fara-
daic materials, compared to the linear profiles typically observed
for non-faradic materials, such as activated carbons. At high rates
the difference decreases as the faradaic process is limited by
kinetics.

The cycle lifetime of the VO, material in the highly concentrated
electrolyte is lower compared to KOH or other neutral electrolytes.
Previous studies have shown a dependence on the pH of the
dissolution of VO, [18]. Since the highly concentrated electrolyte
could be slightly acidic, one can connect the lower capacity reten-
tion to VO, dissolution in the electrolyte. Thus, the use of a highly
concentrated NaTFSI-based electrolyte will require the addition of
buffering salts, such as NaOH, to correct the pH-value and prevent
VO, dissolution in a real hybrid super-capacitor application.
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