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Electrochemical instability of bis(trifluoromethylsulfonyl)imide
based ionic liquids as solvents in high voltage electrolytes
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The feasibility of four ionic liquids containing bis(trifluoro-
methylsulfonyl)imide anion with different cations, namely
1-butyl-1-methylpyrrolidinium, 1-butyl-3-methylimidazolium,
1-methyl-1-propylpyrrolidinium and  1-ethyl-3-methyl-
pyridinium, as solvents in an electrolyte of potassium ion
batteries has been examined in half-cells with Al, Al,O5 as
well as with practical cathode and anode materials. In spite
of the previous reports on stability of ionic liquids with this
anion in the 5V limit, intrinsic electrochemical instability
has been observed here both at high and low potentials, thus
the investigated compounds can hardly be implemented in
potassium ion cellsdueto their reactive nature.
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Potassium ion batteries (PIBs) represent an economically reasonable
alternative to lithium ion batteries (L1Bs) for large-scale energy
storage due to potassium abundance in the Earth’s crust and its
availability. Within a common architecture, PIBs were shown to
have large energy density values originated from the lower
standard K*/K potential in propylene carbonate-based solvents!
and from use of high capacity cathode materials, such as Prussian
Blue analogues with gravimetric energy density up to 510 W h kg™ in
half-cells,>* layered oxides®® and polyanionic compounds.”8
Particularly, KVPO,F represents a promising cathode material of
4V class (i.e, so called ‘high voltage’ range)®! and a candidate
for high power applications.

Since PIBs based on polyanionic cathode materials with high
energy density generally operate at potentials exceeding 4.5 V
vs. K*/K 101213 at which carbonate derived electrolytes tend to
decompose, 416 thermally stable electrolyte solutions are in
demand. Aprotic ionic liquids (ILs) with wide electrochemical
stability windows are typically used for electrolytes in LIBs!"18
and sodium ion batteries!® (SIBs) due to their advantages over
conventional carbonate electrolytes, namely non-flammability
as well as reasonable electrochemical and thermal stability.2°
For example, it is known that ILs based on bis(trifluoromethyl-
sulfonyl)imide (TFSI) demonstrate both theoretical?® and
experimental”22-26 electrochemical stability at the 5 V limit
required for high voltage operation.

To shed light on the ILs application for electrolytes in PIBs, in
this work we have investigated electrochemical properties of IL
interfaces with aluminum and o-alumina as well as with

© 2020 Mendeleev Communications. Published by ELSEVIER B.V.
on behalf of the N. D. Zelinsky Institute of Organic Chemistry of the
Russian Academy of Sciences.

representative cathode and anode materials, namely KVPO,F°
and hard carbon,?” respectively, in two electrode cells and report
on here the electrochemical stability windows and interfacial
resistance data for the selected electrolytes containing the KTFSI
and KPFg salts.

Four commercially available ILs used in this work represented
the salts of TFSI anion with the following cations: 1-butyl-
3-methylimidazolium (BuMelm), 1-methyl-1-propylpyrrolidinium
(MePrPyrr), 1-butyl-1-methylpyrrolidinium (BuMePyrr) and
1-ethyl-3-methylpyridinium (EtMePy) (for details, see Online
Supplementary Materials). All the explored ILs were previously
reported to possess exceptional stability towards oxidation with
the onset of oxidation at more than 4.5 V vs. Li*/Li.?123.28-30

At first, to examine the stability of aluminum current collectors
in the electrolytes, we performed cyclic voltammetry (CV)
measurements in ILs containing 0.5 M KTFSI [Figure 1(a)] and
0.1 M KTFSI + 0.111 M KPFg [Figure 1(b)] as well as compared
their oxidative stability with that for the carbonate type electrolyte,
namely 0.5 M KPFg in propylene carbonate-ethylene carbonate
(PC-EC, 1:1 v/v), in two-electrode cells with potassium metal
anode and aluminum current collector as a working electrode at
50 uV st The higher currents for the reverse (cathodic) scan
compared with the forward (anodic) scan ones for the solutions
containing KTFSI indicated a pronounced aluminum corrosion
[see Figure 1(a)]. The known use of highly concentrated KTFSI
solutions to achieve an efficient passivation of aluminum3! was
not feasible here due to the moderate solubility of KTFSI in the
investigated ILs.
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Figure 1 CV curves of Al working electrode (5% cycle at 50 pV s1) for
(a) 0.5 M KTFSI in ILs as well as (b) 0.1 M KTFSI + 0.111 M KPFg in ILs
and 0.5 M KPFg in PC-EC as electrolytes. Dashed line indicates forward
scan, solid line indicates the reverse one. Inset represents enlarged CV
curves for KPFg in PC-EC and KTFSI + KPFg in EtMePyTFSI.

In contrast to the TFSI derived electrolytes, addition of KPFg
clearly prevented the aluminum depassivation, as was evident from
suppressed currents at the reverse scans in Figure 1(b), presumably
due to formation of poorly soluble aluminum fluorides at the
current collector surface. However, most IL-based electrolytes
demonstrated much higher anodic currents than those observed in
the PC-EC electrolyte [Figure 1(b), inset], except for EtMePyTFSI,
which revealed extremely low currents even at the 5.0 V limit.
The potentials of oxidation onset E,, for 0.5 M KTFSI and
0.1 M KTFSI + 0.111 M KPFg solutions in ILs as well as 0.5 M
solution of KPFg in PC-EC as electrolytes were determined at
cut-off currents being 10 times higher than the background values.
The E,, values were 3.8 VV for BuMelmTFSI, 4.3-4.5 V for
MePrPyrrTFSI and BuMePyrrTFSI, while E,, value for the KPFg/
PC-EC electrolyte was close to 5.0 V. Among all the ILs explored,
EtMePyTFSI seemed to demonstrate an exceptional stability
towards oxidation, its E,, value at the fifth cycle could not be
determined as the current values never exceeded the background
value by 10 times. However, we noted that in this IL high oxidation
currents were detected at the initial cycles (for details, see Online
Supplementary Materials), which implied formation of cathode—
electrolyte interfacial (CEI) layers rather than thermodynamic
stability of EtMePyTFSI at high potentials.

Then, to consider more realistic working electrode morphology,
we tested the electrolytes in two-electrode cells with composite
alumina-based working electrode and potassium metal counter
electrode. Employment of the composite electrode with electro-
chemically inactive material, namely 0.4 um alumina powder layer
with 10% carbon black and 10% poly(vinylidenefluoride) ensured
the porosity and carbon content typical of practically used
electrodes.® The ‘idle’ alumina working electrodes thus allowed
capturing the electrolyte reduction/oxidation currents without
the interference of intercalation ones, while inclusion of a carbon
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Figure 2 CV curves of Al,O5 working electrode (10" cycle at 50 pV s™)
for (a) 0.5-2.5 as well as (b) 2.5-5.5V potential ranges using 0.1 M KTFSI +
+0.111 M KPFg in ILs and 0.5 M KPFg in PC-EC as electrolytes. Dashed
line indicates forward scan, solid line indicates the reverse one.

additive was important due to its reactive nature resulting in
formation of solid—electrolyte interface (SEI) or CEI (see above).3?

We also explored the cathodic potential range of 0.5-2.5 V
[Figure 2(a)] and the anodic one of 2.5-5.5 V [Figure 2(b)] for
0.1 M KTFSI + 0.111 M KPFg in ILs as electrolytes with the
alumina composite electrode. In the 0.5-2.5V range the stabilized
CVs for 10" cycles in BuMelmTFSI and MePrPyrrTFSI demon-
strated relatively low reductive currents. However, notable oxidation
waves appeared on the forward (anodic) scans [see Figure 2(a)],
which were more pronounced for BuMelmTFSI. This indicates
reoxidation of the electrolyte decomposition products reduced at
the previous cathodic sweep and provides evidence for the
absence of stable SEI formation at low potentials in the 1L-based
electrolytes. Since exceptionally high anodic currents were
observed for BuMelmTFSI and MePrPyrrTFSI, these currents
should correspond to the reoxidation of products formed at the
potassium—ionic liquid interface and diffused towards the
working electrode surface. Note that the cathodic current was
generally higher in the PC—EC electrolyte [see Figure 2(a)], but
no reoxidation events took place at the reverse scan, which
indicated the appearance of a relatively stable SEI. Again, we
suppose that the stability of EtMePyTFSI is only apparent, as
during the initial cycles in the 0.5-2.5 V potential range, the
observed anodic waves indicate reoxidation of the products
formed during the reaction of potassium metal with the IL (for
details, see Online Supplementary Materials). In the 2.5-5.5 V
range, the stabilized CVs of composite alumina electrodes in
EtMePyTFSI-containing electrolyte again showed no signs of
electrochemical activity [see Figure 2(b)], which could indicate
the formation of electronically insulating surface layers in this IL
during the first cycles (for details, see Online Supplementary
Materials). However, low currents after stabilization do not ensure
the sufficient ionic conductivity of the interfaces formed, which
will be further addressed in tests with practical electrode materials.
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Figure 3 EIS spectra of K]electrolyte|K cells with IL and PC-EC
electrolytes: (1) 0.5 M KPFg in PC-EC, (2) 0.5 M KTFSI in BuMePyrrTFSI,
(3)0.5MKTFSland (4) 0.1 M KTFSI/0.111 M KPFg, both in MePrPyrrTFSI,
(5) 0.5M KTFSl and (6) 0.1 M KTFSI/0.111 M KPFg, both in BuMelmTFSlI,
(7) 0.1 M KTFSI/0.111 M KPFg in EtMePyTFSI. Inset represents time
evolution of the kinetic resistance Ryp.

To further understand and quantify the chemical interactions
between potassium metal and the IL electrolytes, the electrolyte
resistance R, and surface layer Kinetic resistance R, values were
extracted from electrochemical impedance spectra (EIS) measured
at open circuit voltage (OCV) at frequency range of 0.1 to
10 MHz and alternating voltage amplitude of 10 mV using two-
electrode symmetric K|IL|K cells. The kinetic resistance values
were calculated as diameters of the respective suppressed
semicircles in the corresponding Nyquist plots (for details, see
Online Supplementary Materials). The R,;, values were found to
vary from 7 to 89 kQ (Figure 3), which was by orders of
magnitude higher than the SEI layer resistance for LIBs.26 The
impedance spectra at OCV were recorded continuously for
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Figure 4 (a) CV curves of K\VPO,F electrode (10t cycle at 50 uV s1) and

(b) charge—discharge profiles of hard carbon electrode at current density
30 mA g1, both for IL- and PC-EC-based electrolytes.

1-3 h, which allowed tracking an increase in the interfacial
layers resistivity vs. time. The almost linear elevation of the Ry,
values with time was observed for all the IL electrolytes, while
the growth of the SEI resistance appeared to be the slowest for
PC-EC one (Figure 3, inset). This result demonstrates that no SEI
stabilization occurs in all the explored IL electrolytes. Note that
although the EIS data suggests some stabilization of the potassium—
(EC-PC) interface, the Ry, values are still exceedingly high,
which would induce power limitations in a battery with potassium
metal or other type of low-voltage anode.

Electrochemical tests using KVPO,F as a practical PIB
cathode and hard carbon anode in PC-EC and the ILs confirmed
impossibility of IL-based electrolytes employment in PIBs.
Indeed, CV data of KVPO,F|K cells with MePrPyrrTFSI based
electrolyte showed much higher peak-to-peak separations in ILs
compared with PC-EC, which indicated an increased kinetic
polarization in line with the EIS data [Figure 4(a)]. We note that
the behavior of other ILs was even less stable compared with
MePrPyrrTFSI due to the high reactivity of their components.

Voltammetrictests of K\VPOF half-cells using the EtMePy TFSI
and BuMelmTFSI solutions demonstrated both remarkably low and
stable currents after the first cycles in aluminum|IL or a-alumina| IL
cells as well as relatively low Ry, values, and thus confirmed the
assumption of the ionically insulating interface formation and
electrochemical instability of these ILs. At the first three cycles
in EtMePyTFSI and BuMelmTFSI, the oxidative currents
dominated the electrochemical response of the KVPO,F|K cell
(for details, see Online Supplementary Materials), which indicated
the intensive decomposition of the electrolyte, whereas after the
fourth cycle the current dropped to near zero values, and no signs
of reversible intercalation activity could be observed. This implies
the ionically insulating nature of surface layers formed in these
seemingly stable ILs. The lack of stabilization of the IL-anode
interfaces also prevented reversible cycling of hard carbon anode
in the MePrPyrrTFSI derived electrolyte, where the reversible
capacity dropped from 140 to 40 mA h g~! in PC-EC and the IL,
respectively [Figure 4(b)].

Based on the reported results, we conclude that the intrinsic
instability of the explored TFSI derived ILs limits their practical
application in both high and low voltage domains, the poor low
voltage stability being associated with the non-passivating SEI
forming nature of the ILs, while the 5V limit is inaccessible due
to their insufficient oxidative stability.
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Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2020.09.043.
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