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ABSTRACT

Potassium-ion batteries (PIBs) are a promising post-lithium-ion battery (LIB) as their resources
are abundant and low-cost, and may have a higher voltage than LIBs. However, the high operating
voltage and extremely high reactivity of potassium metal require a chemically safe electrolyte with
oxidative and reductive stabilities. In this study, potassium single cation ionic liquid (K-SCIL),
which contains only K™ as a cationic species and have high electrochemical stability, low
flammability, and low vapor pressure, is developed as an electrolyte for PIBs. The mixture of
potassium bis(fluorosulfonyl)amide (K[FSA]) and potassium
(fluorosulfonyl)(trifluoromethylsulfonyl)amide (K[FTA]) at a molar ratio of 55:45 had the lowest
melting point of 67 °C. The K* concentration in this K-SCIL is high (8.5 mol dm™ at 90 °C) due
to the absence of solvents and bulky organic cations. In addition, the electrochemical window is
as wide as 5.6 V, which enables the construction of PIBs with a high energy density. A high current
density can be achieved with this K-SCIL owing to the absence of K concentration gradient. The
electrolyte was successfully used with a graphite negative electrode, enabling the reversible

intercalation/deintercalation of K*, as confirmed by X-ray diffraction.
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1. INTRODUCTION

Alkali-metal ion batteries, in which alkali metal ions migrate between positive and negative
electrodes, have been extensively studied due to their high voltage and capacity. Especially,
lithium-ion batteries (LIBs) have been widely used and are predominant in the small electronic
devices and even electronic vehicles.}? However, LIBs are expensive, and the scarcity and uneven
distribution of lithium resources could limit their continuously expanding production and prevent
their use in large-scale or stationary applications.®

Demand for post-LIBs, i.e., more sustainable energy storage systems that utilize abundant
elements to achieve cost-effectiveness, is increasing. Recently, potassium-ion batteries (PI1Bs)
have attracted tremendous attention as a post-LIB due to the low cost of the widespread potassium
resources (2.1 wt % in the Earth’s crust).*® In addition, PIBs are expected to achieve higher voltage
than LIBs as the redox potential of potassium is lower than that of lithium.® However, the safety
issues associated with potassium metal that occur during the rapid charging or overcharging of a
PIB are more profound, as potassium metal is much more reactive with oxygen and moisture than
lithium metal. Thus, exploring safe battery materials with good electrochemical performance is
vital for the development of PIBs.

PIBs were first studied in 2004 with a Prussian blue cathode and an organic solvent-based
electrolyte composed of an organic solvent and KBF4.1% In most previous studies, the design of the
electrolyte for PIBs has been similar to that for LIBs. For example, potassium salts, which shuttle
between electrodes, typically contain perfluoroanions such as KPFs and KBF4 due to their high
oxidative resistance. Electrolytes based on organic solvents,!' room-temperature ionic liquid

(RTIL) containing organic cations,'>*® and polymers'* have also been reported.
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Highly concentrated electrolytes with organic solvents have attracted interest for use in alkali
metal ion batteries due to their unique properties, including high oxidation resistance attributed to
the more reduced solvent molecules that have no direct coulombic interactions with ions and low
oxidation stability.}*23 It is interesting to investigate how these properties change if the
concentration of alkali metal ions in electrolytes are increased even further. However, to our
knowledge, potassium salts are less soluble in the abovementioned solvents than lithium salts,
which makes investigation at high K* concentrations difficult.>1°

Against this background, we have investigated an IL electrolyte composed of only potassium
cation as cationic species combined with counter-anions, which is referred to as “potassium-single
cation ionic liquid (K-SCIL)” electrolytes. A similar concept for LIBs was proposed in previous
studies, targeting the improvement of lithium cation transport.??” Unlike typical RTIL electrolytes
or traditional high-temperature molten salts, K-SCIL electrolytes do not contain extra cationic
species. Thus, the K-SCIL electrolytes can be regarded as the extreme of the highly concentrated
electrolytes in terms of molar concentration of potassium salt. Moreover, similar to RTIL
electrolytes, K-SCIL electrolytes have low vapor pressure and low flammability as they contain
no organic solvent and thus they are attractive in practical battery applications. In this study, we
aimed to develop PIBs using low-melting K-SCIL electrolytes, and their fundamental thermal,
physicochemical properties, and electrochemical stability were investigated. Reversible charge-
discharge was performed for a graphite electrode placed in the electrolyte, confirming the

feasibility of this new class of electrolyte for PIBs.
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2. EXPERIMENTAL SECTION

Potassium bis(fluorosulfonyl)amide (K[FSA]; Tokyo Chemical Industry, purity >95%),
potassium (fluorosulfonyl)(trifluorosulfonyl)amide (K[FTA]; Tokyo Chemical Industry, purity
>95%), and N-methyl-N-propylpyrrolidinium bis(fluorosulfonyl)amide ([C3Cipyrr][FSA]; Kanto
Chemical, purity >99.9%) were dried at 80 °C under pressure of 1 Pa prior to use. Mixtures of
K[FSA] and K[FTA] were then prepared in a dry chamber (DAIKIN, HRG-50AR, dew point
<=50 °C) by mixing the two powders and grinding them. The Ko 2[CsCipyrr]os[FSA] RTIL was
prepared by mixing K[FSA] and [C3C1pyrr][FSA] in a molar ratio of 20 and 80.1

Thermal transition temperatures were measured using a differential scanning calorimeter (DSC;
Hitachi High-Technologies, DSC220) under flowing nitrogen gas at scan rates of either
10 °C-min"tor 2 °C-mint. The DSC samples were sealed in an aluminum pan in the dry chamber
to avoid exposure to the air.

The densities of the samples were obtained using a 5-mL volumetric cylinder by weighing a
sample and visually confirming its volume during heating. The viscosities of the samples were
measured using an electro-magnetically spinning viscometer (Kyoto Electronics Manufacturing
Co., Ltd., EMS-100). The samples were sealed in glass tubes in the dry chamber with a spherical
Al probe, and any bubbles were removed, followed by heating and melting. The specific
conductivities of the samples were measured by AC impedance spectroscopy with an AC
perturbation of 10 mV using an electrochemical analyzer (HOKUTO DENKO, HZ-Pro). The
sample was sealed in a cell with two Pt black electrodes (RADIOMETER ANALYTICAL, the
cell constant was obtained by measuring the conductivity of the KCI saturated standard solution

using the cell), and the entire cell was placed in the dry chamber.
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Electrochemical measurements were conducted using a stainless-steel cell (Hohsen Corp., HS-
2) in a two-electrode configuration with the potassium metal counter electrode with the aid of the
electrochemical analyzer. A glass separator (Nippon Sheet Glass, TGP010, thickness of 100 pm)
soaked in the K-SCIL electrolyte was used, and the cells were assembled in an argon-filled glove
box (UNICO, UL-1800AA-KIZ, [H20] and [O2]: <1 ppm) to prevent any exposure to moisture
and oxygen. Electrochemical window of the K[FSA]o.ss[FTAJo.4s SCIL was determined by the
cyclic voltammetry at 90 °C using an aluminum and a platinum plate working electrodes. Limiting
current density of the K[FSA]oss[FTAJo.4s SCIL and Ko 2[C3Cipyrr]os[FSA] RTIL was determined
on an aluminum plate working electrode by galvanostatic polarization at 80 mA-cm at 90 °C.
Charge-discharge tests were conducted at 80 °C on a graphite electrode composed of natural
graphite powder (SNO-10, SEC Carbon Ltd., mean diameter of 10 um) and polyvinylidene
fluoride (PVDF) (KUREHA) binder (graphite:PVDF = 80:20 in the weight ratio) on a copper
current collector. Powder X-ray diffraction (XRD) patterns were obtained using an X-ray
diffractometer (Rigaku Corp., SmartLab, Cu Ka radiation, 40 kV, 30 mA) to investigate the
intercalation/deintercalation of K* into/from graphite, respectively. The graphite electrode for
XRD analysis was charged by a constant current/constant voltage mode (0.5 C (cutoff: 2.5-0.1 V)
/0.1 V (cutoff: 0.1 C). The samples were then loaded in an airtight cell with beryllium windows

under argon atmosphere.
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3. RESULTS AND DISCUSSION

3.1. Thermal Property. In order to use the K-SCIL electrolytes for PIBs, lowering of melting
point is preferred for handling and material availability, and mixing of two K™ salts was examined
here. In a preliminary screening for the binary mixture of nine K salts (50:50 in mol), the K[FSA]-
K[FTA] binary system provided the lowest melting point, owing to the property of FSA™ and FTA™
anions to give low melting points,?”?8 and thus this system was selected for further investigation
of K-SCIL for PIB (see Table S1 for the summary of preliminary screening).

Figure 1 shows a phase diagram of the K[FSA]-K[FTA] system at intervals of 10 or 5 mol%
within the low-melting range of interest (melting points of neat K[FSA] and K[FTA] are 102 °C
and 101 °C, respectively). The solidus line was determined from the onset of the endothermic peak
in the DSC continuous curve at a rate of 10 °C min? (Figure Sla). The liquidus line was
determined from the smallest endothermic peak in the DSC step curve at a step of 2 °C (Figure
S1b). Even so it was difficult to determine the melting point precisely in this system, as the liquid
phase of the mixtures was not crystallized rapidly and exhibited glass transition instead, which is
similar to that often observed for some organic RTILs.? In addition, this system exhibited multiple
thermal transitions depending on the heating and cooling cycles. The occurrence of these
phenomena is attributed to the presence of some meta-stable solid phases based on the
polymorphism of the perfluorosulfonylamides.3°3! The highest melting point, which corresponds
to the melting of the most stable solid phase measured during the first heating in the DSC
measurement of the prepared powder sample (Figure S2), is taken as the melting point and plotted
in Figure 1. This system is a simple eutectic system, where the melting points of single salts
directly reduce to the lowest melting point of 67 °C at a K[FSA]:K[FTA] molar ratio of 55:45

(K[FSAJoss[FTA]o.45). This composition was identified as the eutectic point in this system within
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an experimental error of 5 mol% and regarded to be the most suitable as the K-SCIL for PIB that
can be used near room temperature without any additional organic solvent, RTIL, and other alkali

metal salt.

120

100

80 Lig. + K[FTA]

" Lig. + K[FSA]

Temperature / °C
o)
o

KIFSA] + K[FTA]

O 1 1 1 1

K[FSA] 02 04 0.6 0.8 KI[FTA]
XKIFTA]

Figure 1. Phase diagram of the K[FSA]-K[FTA] binary system determined by DSC analysis. The

abbreviations Lig. and Xkrraj denote the liquid phase and molar ratio of K[FTA] in this system.

3.2. Viscosity. The viscosity () of the K[FSA]oss[FTAJoss SCIL is shown in Figure 2
together with those of other K-SCIL (so-called high-temperature molten salts with K" are also
included as K-SCIL) and RTIL. Owing to the reduction of the melting point, the
K[FSA]o.55[FTAJo4s SCIL was a fluid liquid in a wider range near room temperature, which is in
contrast to its constituent individual salts. Its temperature dependence follows the VTF
(Vogel-Tammann—Fulcher) equation as follows, which is not similar to traditional high-

temperature molten salts, but closer to RTIL electrolytes containing K[FSA]'%;
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n = A Texp(B,/(T-Toy)) 1)

where 7 is the viscosity, T is the absolute temperature, A, is a constant related to the viscosity at
infinite temperature, B, is a constant related to the activation energy, and To, is the ideal glass-
transition temperature (see Table S2 for the fitting parameters), which is typically lower than the
glass-transition temperature (Tg), as determined by the DSC measurements.

Potassium salts, such as halides, nitrates®?, and bis(trifluoromethylsulfonate)amide (TFSA™)3,
exhibit a reasonably low viscosity of about 10° mPa-s above 250 °C. The K[FSA] and K[FTA]
salts have a viscosity of 10'-10> mPa-s in the range of 110-150 °C, and the K[FSAJ]o.ss[FTA]o.45
SCIL exhibits a viscosity between them. The K[FSA]o.ss[FTAJo.4s SCIL is more viscous when it
is used near its eutectic temperature (10° mPa-s), similar to highly concentrated organic
electrolytes.? The higher viscosity of the K[FSA]oss[FTAlo4s SCIL is observed compared to that
of the Ko2[CsCipyrrlos[FSA] RTIL, which results from the increased cation-anion Coulombic
interaction based on the small K*. Among these anions, salts with larger anions exhibit higher
viscosity within the same temperature range, as the long fluoroalkyl chains lead to van der Waals
interactions as well as coulombic interactions between cations and anions. The viscous nature of
the K[FSAJoss[FTAJoss SCIL could affect its impregnation behavior for the separator and

composite electrode.
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Figure 2. Arrhenius plot for the viscosity of some K-SCILs and RTIL (see references for KNOg,

KF, KCI, and Ko 2[C3C1pyrr]os[FSA]).1232

3.3. lonic Conductivity. lonic conductivity (¢), or more precisely speaking, molar ionic
conductivity, is inversely related to viscosity. The ionic conductivity of the K[FSAJoss[FTA]o.45

SCIL was fitted by the VTF equation as follows:

o = AT %%xp(-B/(T-To,)) (2)

where As is a constant related to the ionic conductivity at infinite temperature, Bs is a constant
related to the activation energy, and To. is the ideal glass-transition temperature (see Table S2 for
the fitting parameters). In general, organic electrolytes used in current batteries have ionic
conductivities of 101-10 mS-cm. As shown in Figure 3, the high-temperature molten potassium
salts have higher ionic conductivities than those of perfluorosulfonylamide ILs, which mainly

results from the difference in temperature range. The K[FSA]oss[FTA]o.4s SCIL exhibited ionic

10



A Self-archived copy in

=1 pA . h Inf RBAFFHER)FD b
» #B ? Kyoto University Research Information Repository Kl |RENA| I§
Kyolo Uniersity Ressarch Informaton Repositry

KYOTO UNIVERSITY https://repository.kulib.kyoto-u.ac.jp

conductivities less than 10> mS-cm™ which are lower than those of typical RTIL electrolytes
including Ko2[C3Cipyrr]os[FSA].*?> However, the Walden plot in Figure 4 indicates that the
K[FSAJoss[FTAJo4s SCIL possesses high conductivity despite its viscous nature, which differs
from the properties of previously explored RTILs.3*3" A highly dissociated state is proposed for
most of the K-SCILs as their conductivities are close to the ideal value (dashed line in Figure 4)
predicted by their viscosity, and especially those for the K[FSAJoss[FTA]o4s SCIL are above the
dashed line., whereas Ko 2[C3Cipyrr]os[FSA] RTIL exhibits a relatively low conductivity, in spite
of its low viscosity. The high viscosity is attributed to the FSA™ and FTA™ anions, while the
comparatively high conductivity in the K-SCIL derives from the mobility of highly concentrated

K™, without generating a concentration gradient (see the next section).

100 ¢ ® KFSA] A KNO,
F ° O K[FTA] B KF
I K[TFSA] [1 KCI
c 103 @ K[FSA])so[FTA] 45
r.bo AN Ko 2[CC4pyrr]y o[FSA]
€
>
= 102
g
S
c
: ) 1
@]
o F Q. ¢
O e
o L
100 5 5 5 5 @, )
05 1.0 1.5 2.0 25 3.0 35

1000- 7' / K

Figure 3. Arrhenius plot for the ionic conductivity of some K-SCILs and RTIL (see references for

KNOj3, KF, KCI, and Ko 2[C3Cipyrr]os[FSA]).12%

11



A Self-archived copy in RBAFEHWRY KT R Y

PN oy
A #ﬁ j( ? Kyoto University Research Information Repository ?
e KURENAI &L

KYOTO UNIVERSITY https://repository.kulib.kyoto-u.ac.jp

25 .| ® KIFSA] A KNO,
O KIFTA] M KF
20 F K[TFSA] [ KCl .EI
@ KIFSA]yss[FTAL 45
T 15 H O KedCCipyrlylFSA] | 48
©
E
© 10 |
o
® o5 | o%
) P,
Qo0 } o
(G)
1(6]
1.0 1 1 1 1 1 1 )

-30 25 20 15 10 05 00 05
log (™' / mPa='-s-")

Figure 4. Walden plot for some K-SCILs and RTIL (see references for KNOs, KF, KCI, and

Ko.2[C3sCipyrr]os[FSA]). (see references for KNOs, KF, KCI, and Ko 2[C3Cipyrr]os[FSA]). %%

3.4. Limiting Current for Partial Potassium Conduction. The ionic conductivity described
above is generated by all ions in the K[FSA]oss[FTA]Joss SCIL, i.e., K*, FSA™ and FTA™. As
electrolytes for PIBs, the partial conductivity of K* in the K-SCIL is the most important parameter
because it restricts the rate capability of the target battery. The current limited by the K* partial
conductivity (limiting current) in PIBs is defined by the parameters of the electrolyte and

electrochemical cell based on the following equation:®=’

I.¢ = 4FDc/Ad (3)

where 1. is the calculated limiting current density (C is the calculated value), F is the Faraday
constant, D is the diffusion coefficient of K*, ¢ is the concentration of K*, A is the area of the

working electrode, and d is the distance between the working and counter electrodes. In this study,

12
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D is not measured directly; however, its maximum value (D) can be estimated from the viscosity

using the Stokes-Einstein equation:

D€ = kT/nary 4)

where Kk is the Boltzmann constant, r is the hydrodynamic radius of an ion-dominating viscosity,
and a is a theoretical constant that was empirically obtained between 4 to 6 for the slip and stick
boundary conditions, respectively. Table 1 summarizes these parameters for the K-SCIL and RTIL
electrolytes in our electrochemical cell. The parameters, r and a, were assumed to be the smallest
values for obtaining D, and therefore, the maximum 1.€ (r = 0.165 nm as the ionic radius of K*
and a = 4 as the slip condition)®. The I.€ of the K[FSAJoss[FTAJo.ss SCIL electrolyte is lower
than that of the Ko2[CsCipyrrlos[FSA] RTIL electrolyte, which is mainly due to the greater
viscosity. However, as shown in Figure 5, the cell voltage for the Ko2[C3Cipyrr]os[FSA] RTIL
electrolyte declined rapidly when applying excess current beyond 1.°. This indicates that the
diffusion of K* reached its limit due to the concentration gradient; therefore, there was no K* near
the working electrode, and the current was then consumed by the decomposition of the organic
cation of the RTIL, rather than deposition of potassium metal. However, the K[FSA]o.s5[FTA]o.45
SCIL achieved a steady cell voltage under the same conditions, despite its larger overpotential than
the RTIL electrolyte. This indicates that a concentration gradient did not occur in the
K[FSAJoss[FTA]o.ss SCIL system, and the concentration of K* should be maintained throughout
the electrolyte due to the electroneutrality. Although the measurement of the K* ion transference

number provides important information on the present transport phenomenon, the large interfacial

13
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resistance leads to the difficulty its estimation by potentiostatic polarization or very low frequency

impedance techniques. Further improvement in analytical techniques is required on this matter.

Table 1. Concentration of shuttle ions, viscosity, and calculated diffusion coefficient and limiting
current density for Ko.2[C3Cipyrr]os[FSA] and K[FSAJo.s5s[FTAJo.4s ILs at 90 °C.

c . DC b ILC b
Electrolyte
dm™ / mPa-s -0 2t 2
/ mol-dm /10 -m’-s / mA-cm
K, ,[C;C,pyrr],4[FSA] 0.94¢ 12.5¢ 1.93 29.1
K[FSA],ss[FTA] 45 8.5 334 0.0724 8.9

aThese values were obtained from Ref. 12.

D and 1.¢ were calculated by Eqs (3) and (4), assuming A = 0.126 cm? and d = 0.2 cm.

50 -
== KyalCsCqpyrr]o s[FSA]
N —— K[FSAJoss[FTAJo4s
00 +
> “H-\
© 50 \
3 )
\"L,
100 | ‘w'\
P/
(W}
_150 1 1 ]
0 50 100 150
Time/s

Figure 5. Time-voltage profile of the K]||Al cell during galvanostatic polarization at a constant

current of 80 mA-cm~ at 90 °C.

14
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3.5. Electrochemical Window. The electrochemical window, which is defined by the limit
potentials of the cathode and anode, is one of the main features determining the compatibility of
electrode materials. As shown in Figure 6, the cathode and anode limits of the K[FSA]o.s5[FTA]o.45
SCIL were measured by cyclic voltammetry in the two-electrode cell with an aluminum or a
platinum working electrode, respectively. The cathode limit was 0 V vs. K/K*, which corresponds
to the reversible deposition and dissolution of potassium metal. The coulombic efficiency was
60 %, which could be attributed to the decomposition of the anions or the elimination of the
deposited potassium metal from the working electrode at 90 °C above the melting point of
potassium metal (63.5 °C). The anode limit, which was determined when the current density
exceeded 0.4 mA-cm2, was 5.6 V vs. K/K*. This reaction is the oxidative decomposition of FSA™

and/or FTA™ anions.

Current density / mA-cm=2
o

-1 0 1 2 3 4 5 6 7
Potential / V vs. KIK*

Figure 6. Combined cyclic voltammogram of the K[FSA]o.s5[FTAJo.4s SCIL at a scan rate of 10

mV-s1 and 90 °C.

15
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3.6. Potassium Intercalation into Graphite. Figure 7 shows the charge-discharge curves of
the graphite electrode in the K[FSAJo.ss[ FTAJo.4s SCIL electrolyte at 80 °C. The infrequent spikes
are likely due to the insufficient contact of the liquid potassium counter electrode to the current
collector. The electrode was charged at a constant current (CC) of 0.3 C below the cut-off voltage
0f2.5-0.1 V and constant voltage (CV) at 0.1 V for cycles, and was discharged at a constant current
of 0.3 C. The first charge capacity was 640 mAh-g !, while the theoretical capacity was 279
mAh-g !, corresponding to the formation of KCs. This high capacity was derived from the
decomposition of FSA™ or FTA™ to form a solid electrolyte interphase (SEI) film. From the second
cycle, the charge capacity decreased as the number of cycles increased, and reached 254 mAh-g !
at the 50th cycle (Figure S3). However, the discharge capacity of the first cycle was 273 mAh-g ™!,
which was mostly consistent with the theoretical capacity (over 97%). The discharge capacity also
gradually decreased as the number of cycles increased, and reached 230 mAh-g ! at the 50th cycle.
This gradual decrease is due to the degradation of the graphite composite electrode, which may be
caused by the thermal brittleness of the PVDF binder. The coulombic efficiency of K*
intercalation/deintercalation is approximately 90% after the 50th cycle. The 10% irreversibility
indicates that the FSA™ or FTA™ were continuously decomposed on the electrode at 80 °C.
Unstability of SEI can cause this irreversibility, and further study on constituent ion or effective
additive is required to improve it.

Figure 8 shows the ex-situ XRD patterns of the graphite electrodes before charging, and after
the first charge and discharge. After charging, the peak at 26.62° corresponding to the 002
diffraction of the pristine graphite disappeared, and new peaks appeared at 16.57° and 33.55°,

corresponding to d = 5.35 and 2.67 A, respectively. These peaks can be indexed as 001 and 002

16



A Self-archived copy in

=1 pA . h Inf RBAFFHER)FD b
» #B ? Kyoto University Research Information Repository Kl |RENA| I§
Kyolo Uniersity Ressarch Informaton Repositry

KYOTO UNIVERSITY https://repository.kulib.kyoto-u.ac.jp

respectively, which provides the interlayer distance of 5.35 A and the formation of the first-stage
potassium-graphite intercalation compound (K-GIC), although the peaks may be indexed as 004
and 008, respectively, by considering the interlayer arrangements of K* as discussed in previous
works.*% The formation of the first-stage K-GIC was also consistent with its brown-colored
appearance after the first charge.***? The intercalation of K* proceeded fully along with the
disappearance of the peak ascribed to the second stage K-GIC (around 20.5° and 30.1°).4%% The
weak peak intensity of the charged sample was due to the electrolyte remaining on the electrode
without rinsing. The electrode rinsing process, which is typically executed before ex-situ
measurements to remove the electrolyte, may affect the GIC electrode chemistry.*4*> After
discharge, these peaks disappeared and the 002 diffraction peak of graphite recovered at 26.49°
which is almost the same angle as that before charging. This indicates that the intercalation and

deintercalation of K* to graphite proceeded reversibly.
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Figure 7. Charge-discharge curves of the K||graphite cell using the K[FSA]oss5[FTA]o4s SCIL at a

charge/discharge rate of 0.3 C and 80 °C.
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Figure 8. XRD patterns of the graphite electrodes. (a) Before charging, (b) after charging, and (c)

after discharge in the K[FSA]o.ss[FTA]o.4s SCIL.

4. CONCLUSIONS

This study investigated the K-SCIL based on K™ as an electrolyte for PIB. The melting point of
the K[FSA] and K[FTA] mixture was reduced to 67 °C at K[FSAJoss[FTA]o4s. The transport
properties of this electrolyte were poor when compared to those of room temperature electrolytes
containing an organic solvent or RTIL; however, it achieved superionic conductance at elevated
temperature under a large current due to the absence of a concentration gradient for K*. The large
electrochemical window of over 5 V for this system is beneficial for application in PIBs. The
graphite negative electrode exhibited stable charge and discharge behavior in this K-SCIL, with a
discharge capacity near the theoretical value for the formation of KCs. The K*

intercalation/deintercalation into/from graphite were confirmed by ex-situ XRD measurements.
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The thermal and transport properties of the K-SCIL could be improved by the addition of a third
potassium salt. The battery tests will be conducted by the combination of some appropriate positive

electrode in the future.
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