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ABSTRACT

The physicochemical and electrochemical properties of the binary ionic liquid, K[FSA]-
[C3Cipyrr][FSA] (FSA = bis(fluorosulfonyl)amide;  C3Cipyrr = N-Methyl-N-
propylpyrrolidinium), were investigated at 253-393 K, with the aim of developing a new
electrolyte for potassium-ion batteries (K-ion batteries; KIBs). A phase diagram was constructed
from the results of differential scanning calorimetry measurements and revealed that the melting

point of this ionic liquid is below room temperature for compositions of x(K[FSA]) = 0-0.25



(x(K[FSA]) = molar fraction of K[FSA]). The viscosity, ionic conductivity, and density were
measured for x(K[FSA]) = 0-0.25. The ionic conductivity when x(K[FSA]) = 0.20 was 4.8 mS

cm!

at 298 K, which is higher than that for the equivalent sodium and lithium ionic liquids.
Cyclic voltammetry measurements of M[FSA]-[C3Cipyrr][FSA] ionic liquids (x(M[FSA]) =
0.20; M = K, Na, or Li) indicated that potassium metal deposition/dissolution occurs at a more
negative potential than that for lithium and sodium deposition/dissolution, suggesting that KIBs

with a high operating voltage can be constructed using K[FSA]-[CsCipyrr][FSA] as an ionic

liquid electrolyte.

1. INTRODUCTION

Establishing a low-carbon society is one of our big challenges in addressing environmental
problems and energy issues. Combining renewable energy resources and large-scaled electrical
energy storage (EES) devices is considered to be the most desirable and feasible solution.
Lithium-ion batteries (Li-ion batteries; LIBs) are good candidates for EES devices because of
their high energy density.!” Although LIBs are already applied in portable electronic devices
such as mobile phones and PC laptops, there are two main concerns regarding the extension to
large-scaled LIBs. One is the utilization of limited and unevenly distributed resources of lithium
and cobalt for the electrode and/or electrolytes, which may lead to supply instability and price
increases in the future.>* The other is the potential risk of ignition accidents due to the
flammable and volatile organic solvent-based electrolytes used in current LIBs; this is a
particular concern for large-scaled devices such as stationary batteries and electric vehicles.

Several research groups, including our own, have focused on sodium-ion batteries (Na-ion

batteries; NIBs) using ionic liquid electrolytes to solve the aforementioned problems.> !¢ Sodium



resources are abundant in the earth’s crust and in seawater, and ionic liquids are nonflammable
and negligibly volatile, which enables the construction of low-cost and safe batteries. However,
since the standard redox potential of sodium is higher than that of lithium, the operating voltage
of NIBs is inherently lower than that of LIBs when using the same framework for the positive
electrodes, which remains as a drawback of NIBs. Thus, there is a strong demand to develop a
new battery that combines low cost and high performance. In the present study, we focused on
potassium-ion batteries (K-ion batteries; KIBs) as next-generation energy storage devices.
Potassium resources are much more abundant compared with lithium resources, and comparable
to sodium resources.!” The standard redox potential of K/K is more negative than that of Na*/Na.

tl8,l9

Moreover, in a certain type of organic solven and molten salt (ionic liquid)*® 2%, the redox

potential of K'/K is more negative than that of Li*/Li, implying that the operating voltage of
KIBs is higher than that of LIBs. Furthermore, the K" ion is a weaker Lewis acid than Li" and
Na" ions, which gives KIBs two main advantages over LIBs and NIBs: faster ion transport in the
bulk KIB electrolytes due to the smaller Stokes radius of solvated K" ions,'” and faster electrode
reactions due to the lower desolvation energy of K* ions.? In addition, inexpensive aluminum
current collectors can be used for the negative electrode of KIBs, since aluminum does not form
intermetallic compounds with potassium,?* which is not the case in LIBs.

Despite the many benefits of KIBs, no intense studies were conducted until very recently.?>*
In the early studies, the electrochemical behavior of Prussian blue-based compounds has been
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investigated in aqueous electrolytes, and these materials have also been found to work as

positive electrodes of KIBs using organic-solvent-based electrolytes.’>* Recently, several
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inorganic compounds, including layered oxides, phosphates, and sulfates,*> were found

to be active positive electrode materials. Reports on negative electrodes for KIBs are mainly



7 and soft carbon’®),

categorized into carbonaceous materials (graphite,'”***® hard carbon,*
alloy compounds (Sn,*® SnsP3,* and Sb’), and titanium-based compounds.’’>> However, all of
these studies utilized organic solvent-based electrolytes. There are few reports on KIBs using
safer ionic liquid electrolytes.>

Based on these studies, we focused on K[FSA]-[C;Cipyrr][FSA] ionic liquid (FSA =
bis(fluorosulfonyl)amide; C3Cipyrr = N-methyl-N-propylpyrrolidinium) as a new KIB
electrolyte. [C3Cipyrr][FSA] ionic liquid has been well studied as an electrolyte for NIBs”%!#15
and LIBs>* 7, because of its reasonably high ionic conductivity and superior electrochemical
stability at room temperature. In the present study, the physicochemical and electrochemical
properties of K[FSAJ-[C3Cipyrr][FSA] ionic liquid were investigated. The phase transition
temperatures were determined by differential scanning calorimetry (DSC) and used to construct a
phase diagram. Its viscosity, ionic conductivity, and density were measured over a wide
temperature range between 258 and 393 K. The composition of x(K[FSA]) = 0.20 (x(K[FSA]) =
molar fraction of K[FSA]) was selected for electrochemical measurements, and its
electrochemical window was determined using cyclic voltammetry. Finally, the obtained results

were compared with sodium and lithium counterparts, and the feasibility of high-voltage KIBs

was discussed.

2. EXPERIMENTAL SECTION

K[FSA] (> 99+%; Mitsubishi Materials Electronic Chemicals Co., Ltd.), Na[FSA] (> 99+%;
Mitsubishi Materials Electronic Chemicals Co., Ltd.), Li[FSA] (> 99+%; Kishida Chemicals Co.,
Ltd.), and [C3Cipyrr][FSA] (> 99.9%; Kanto Chemical Co., Inc.) were dried under vacuum at

353 or 333 K for 48 h prior to use. K[FSA]-[C3Cipyrr][FSA] ionic liquids with various



compositions (x(K[FSA]) = 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, and
0.90; x(K[FSA]) = molar fraction of K[FSA]) were prepared by mixing K[FSA] and
[C3Cipyrr][FSA] in an argon-filled glove box. All ionic liquids were handled under a dry argon
atmosphere. Phase transition temperatures, such as the melting point, of this ionic liquid were
measured using differential scanning calorimeter (DSC; Thermo plus EVO2 DSC8230L, Rigaku
Co.). Ionic conductivity values were determined from AC impedance measurements using a T-
shaped cell made of polytetrafluoroethylene (PTFE) and a chemical impedance analyzer (3532-
80, Hioki E. E. Corp.). The cell constant was determined using a 0.1 M KCI aqueous solution.
Viscosities and densities were measured using an electromagnetically spinning viscometer
(EMS-1000, Kyoto Electronics Manufacturing Co., Ltd.) and a vibration-type density meter
(DMA 4500 M, Anton Paar, Ltd.), respectively.

Cyclic voltammetry was conducted using electrochemical measurement apparatus (HZ-7000,
Hokuto Denko Corp.) and a three-electrode beaker cell. A copper disk (negative potential region)
and a glassy carbon disk (positive potential region) were used as working electrodes. These
electrodes were polished by alumina abrasives dispersed in water and then dried before
measurement. Platinum mesh was used as the counter electrode. A silver wire immersed in

3 silver trifluoromethanesulfonate

[C3Cipyrr][FSA] 1onic liquid containing 50 mmol dm™
(AgCF3S03) was used as the reference electrode. The reference electrode compartment was
separated from the main cell by a porous Vycor glass filter. M[FSA]-[C3Cipyrr][FSA] ionic
liquids (x(M[FSA]) = 0.20; M = K, Na, and Li) were used as the electrolyte for these

measurements. The obtained cyclic voltammograms were calibrated to the potential of the

ferrocenium/ferrocene redox couple (Fc*/Fc), which was measured after adding 10 mmol dm™



ferrocene to the electrolyte. The scan rate and measurement temperature were 5 mV s~ and 298

K, respectively.

3. RESULTS AND DISCUSSION
3.1. Physicochemical properties

Figure 1 shows the phase diagram for K[FSA]-[CsCipyrr][FSA] ionic liquid, and Table 1
summarizes its phase transition temperatures based on DSC curves (Figures S1-S14). The
melting points of the single K[FSA] and [C3Cipyrr][FSA] salts are 380 and 269 K, respectively,
consistent with previous reports.!>!> The single [C3Cipyrr][FSA] salt also shows two
endothermic peaks below its melting point at 191 and 253 K, which correspond to the solid-solid
phase transition. In the composition region of x(K[FSA]) = 0-0.25, the melting points decreases
with increasing x(K[FSA]). However, the melting point suddenly increase to 355 K at x(K[FSA])
= 0.30, indicating that the eutectic point lies between x(K[FSA]) = 0.25 and 0.30. In fact, a small
amount of precipitate was found in the x(K[FSA]) = 0.30 melt at room temperature. For
compositions of x(K[FSA]) > 0.30, the melting point increases with increasing x(K[FSA]). Some
compositions (x(K[FSA]) = 0.60-0.90) show endothermic peaks at around 190 and 240 K,
corresponding to the solid-solid phase transition of [C3Cipyrr][FSA] and the eutectic point,
respectively. Consequently, it is reasonable to conclude that there are no intermediate
compounds in this system. In addition, supercooling and glass transition behavior are observed in
the compositional range of x(K[FSA]) = 0.20-0.70. From a viewpoint of battery application,
ionic liquids with melting points lower than room temperature are desirable; thus, we measured
various physicochemical properties of K[FSA]-[C3:Cipyrr][FSA] within a compositional range

of x(K[FSA]) = 0-0.25.



An Arrhenius plot of viscosity is presented in Figure 2. Lower viscosity values are observed
at higher temperatures and lower x(K[FSA]) values. For all compositions, the Arrhenius plots
cannot be fitted by straight lines. The deviation from the Arrhenius plots is often corrected by the

VTF (Vogel-Tammann-Fulcher) equation (Equation 1).>

B
n(T)=A4,T"" expl —"— (1
-1,

where 7(T) is the viscosity, 4, is a constant related to the viscosity at infinite temperature, B, is a
constant related to the activation energy, and 7o, is the ideal glass transition temperature, which
is usually lower than the glass transition temperature (7%) as determined by DSC measurements.
The viscosity values and VTF parameters are summarized in Tables 2 and S1, respectively. In
comparison with our previous study,'® the K[FSA]-[C3Cipyrr][FSA] ionic liquids show lower
viscosities than their sodium counterparts, indicating that potassium salt possesses a higher
fluidity than sodium salt.

Figure 3 shows Arrhenius plots for the ionic conductivity. The ionic conductivity increases
with increasing temperature and decreasing x(K[FSA]). The x(K[FSA]) = 0.20 melt exhibits an
ionic conductivity of 4.8 mS cm™! at 298 K (Table 3). This value is higher than those for the
sodium (3.6 mS cm™!)!® and lithium (ca. 3.6 mS cm™)*® counterparts at the same x(M[FSA])
value and temperature. This is because K* ions possess lower Lewis acidity, resulting in superior
ionic mobility in potassium-based ionic liquids. This tendency has also been reported in organic
solvent-based electrolytes.!” As in the case of viscosity, the ionic conductivity plots are fitted by

the VTF equation (Equation 2) (see Table S2 for VTF parameters):

B
o(T)=AT"" exp(— - _”T ] #))
Oc



where o(7) is the ionic conductivity, 4, is a constant related to the ionic conductivity at infinite
temperature, B, is a constant related to the activation energy, and 7o, is the ideal glass transition
temperature.

Figure 4 and Table 4 summarize the results of density measurements. The following
straight-line equation (Equation 3) was used to fit the density plots:

p(T)=A,T+B, (3)
where 4, and B, are constants. Molar K™ ion concentrations calculated from the density values
are presented in Table 5. At a molar ratio of x(K[FSA]) = 0.20, the K" ion concentration is
approximately 1 mol dm at 298 K, which is almost the same as that for sodium in Na[FSA]—
[C3Cipyrr][FSA] ionic liquid."

Walden plots showing the relationship between the molar conductivity and inverse viscosity
of the K[FSA]-[C3Cipyrr][FSA] system are presented in Figure 5. These plots lie slightly below
the ideal KClI line (denoted as a dotted line), suggesting that this ionic liquid is categorized as a
“good” ionic liquid.”> Moreover, the plots for each composition are straight lines, thus obeying
the fractional Walden’s rule (Equation 4):°-!

An® = const. “)
where 4 is the molar conductivity (S cm? mol™') and « is a constant (0 < & < 1) corresponding to
the slope of the Walden plots. In the present system, the a value is around 0.91-0.92 for
compositions of x(K[FSA]) = 0-0.25 (Table 6), which is typical for ionic liquids.!>>¢6%63
Assuming that the ideal glass transition temperatures for viscosity and ionic conductivity are
almost the same (7o, = Tos = To), the Walden rule can be transformed using Equations 1 and 2,

as follows (Equation 5):



A% T2 aB. —B
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p(T) p(T) T-T,
where M is the formula weight of ionic liquid. Moreover, 7“2 and p(T) can be regarded as
constants in the limited temperature range according to the results of the Walden plots and the
density measurements. Thus, combined with Equation 4, the following relationship is obtained

(Equation 6):

BO'
a=_c (6)

The parameter o reflects the ratio of the activation energy for ionic conductivity to that for
viscosity. Since the values of T}, and 7, are close to each other (Tables S1 and S2), Equation 6 is
applicable for the K[FSA]-[C3Cipyrr][FSA] ionic liquid. In addition, according to the VTF
fitting results (Tables S1 and S2), the B,/B, ratios for compositions of x(K[FSA]) = 0-0.25 were
calculated to be within a range of approximately 0.87-0.91, which is close to the a values

determined from the Walden plot, indicating that the VTF fitting in the present study is reliable.

3.2. Electrochemical properties

Figure 6 shows cyclic voltammograms in M[FSA]-[CsCipyrr][FSA] (M = K, Na, or Li)
electrolyte, where x(M[FSA]) = 0.20 (corresponding to ca. 1 mol dm™), for the 1st cycle at 298
K. The potentials of cyclic voltammograms were calibrated to the Fc*/Fc redox couple using the
data presented in Figures S15-S17. For all systems, copper and glassy carbon disk electrodes
were used to separately investigate the negative and positive potential regions, respectively. As
shown in Figure 6a, in the negative potential region for the K-ion system, a pair of redox peaks
are observed at around —3.3 V vs. Fc'/Fc. This current behavior is typical of metal deposition

and dissolution; as K" ions are the only constituent metal ion in this ionic liquid, these redox



currents are attributed to the deposition and dissolution of potassium metal. After reversing the
sweep direction from negative to positive, the current changes linearly from a negative value to a
positive value. Here, the K'/K redox potential is determined to be —3.31 V vs. Fc¢'/Fc, which is
the zero-current potential on the linear current change. This K/K redox potential is regarded as
the cathode limit potential for the K[FSA]-[C3Cipyrr][FSA] ionic liquid. In the positive potential
region, an anodic current is observed from ca. 2.4 V vs. Fc¢'/Fc during the positive potential
sweep. Since almost no corresponding cathodic current appears, this irreversible anodic reaction
is assigned to the decomposition of FSA anions, as reported for other FSA-based
electrolytes.!*!*16 In the present study, the anode limit is defined as the potential at which the
anodic current reaches 0.1 mA cm 2. According to this definition, the anode limit is 2.41 V vs.
Fc'/Fc for the K[FSA]-[C3Cipyrr][FSA] ionic liquid. The electrochemical window is then
determined to be 5.72 V. As seen in Figures 6b and 6c, the redox couples derived from alkali
metal deposition/dissolution in the negative potential region, and the irreversible anodic current
in the positive potential region, are also observed in the equivalent Na-ion and Li-ion systems.
The Coulombic efficiencies of alkali metal deposition/dissolution reactions in the 1st cycle are
72.7%, 19.7%, and 84.4% for the K-ion, Na-ion, and Li-ion systems, respectively. The
reversibility of potassium metal deposition/dissolution is much better than that of sodium metal,
and is even comparable to that of lithium metal, which suggests that the K[FSA]-
[C3Cipyrr][FSA] electrolyte possesses high reductive stability.

Table 7 summarizes the cathode and anode limit potentials, and the resulting electrochemical
windows of the three systems. The K*/K redox potential is more negative than that of Na/Na by
0.35 V and more negative than that of Li"/Li by 0.24 V. In contrast, the anode limits lie within a

narrow potential region of 2.41-2.46 V vs. Fc'/Fc, indicating that the alkali metal species

10



scarcely affects the oxidative stability of the FSA anion. Consequently, K[FSA]-
[C3Cipyrr][FSA] possesses a wider electrochemical window (5.72 V) than those of its Na-ion
(542 V) and Li-ion (5.48 V) counterparts. Thus, when using FSA-based ionic liquids
electrolytes, we envisage that KIBs will work at a higher operating voltage than NIBs and LIBs.
Table 8 compares the differences between the standard potentials of K'/K and those of
Li*/Li and Na“/Na in several electrolytes typically used in battery applications, including water
and various organic solvents.!® The K*/K standard potential is more negative than that of Na*/Na
in all of these electrolytes. In several electrolytes, such as M[FSA]-[C3Cipyrr][FSA], propylene
carbonate (PC), and acetonitrile (MeCN), the K'/K redox potential is also more negative than
that of Li"/Li. In particular, the potential difference (AE° = E°(K'/K) — E°(Li*/Li) = —0.24 V) for
the K[FSA]-[CsCipyrr][FSA] 1onic liquid is noticeably more negative than that for other
electrolytes. These results indicate that KIBs utilizing a K[FSA]-[C3Cipyrr][FSA] ionic liquid

electrolyte are promising as high-voltage batteries.

4. CONCLUSIONS

In the present study, we have developed a new K[FSA]-[C3;Cipyrr][FSA] ionic liquid
electrolyte for potassium-ion batteries, and evaluated its physicochemical and electrochemical
properties. This ionic liquid exhibited a lower viscosity and higher ionic conductivity than its
sodium counterpart due to the lower Lewis acidity of potassium ions. For example, the ionic
conductivity at a composition of x(K[FSA]) = 0.20 was 4.8 mS cm™' at 298 K, which is high
enough to be applied as a battery electrolyte. Cyclic voltammetry measurements using M[FSA]-
[C3Cipyrr][FSA] (M = K, Na, or Li) showed that the redox potential for potassium metal

deposition/dissolution was more negative than those for sodium and lithium

11



deposition/dissolution, resulting in a wider electrochemical window (5.72 V under the present
conditions) for the K ion electrolyte. In conclusion, the K[FSA]-[CsCipyrr][FSA] ionic liquid is

promising as a new electrolyte for next-generation K-ion batteries.
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Table 1 DSC transition temperatures (K) for the K[FSA]-[C3Cipyrr][FSA] system.”

XK[FSAD Too) Tme() Tno? Tme?  Tio Ty

0 264 269 191

253

0.05 240 264 192

254

0.10 239 261 230 n.d. 191

252

0.15 240 258 231 n.d. 191
0.20 238 256 230 n.d. 191 176
0.25 241 253 232 n.d. 192 178
0.30 240 355 230 n.d. 192 182
0.40 n.d. 364 189
0.50 n.d. 365 195
0.60 242 368 232 n.d. 191 198
0.70 238 371 228 322 191 182

0.80 240 371 230 329 190

0.90 244 373 230 n.d. 190

1 375 380

“ Tm o(1): onset temperatures of melting for stable phases, 7m ¢(1): end temperatures of melting
for stable phases, Tm o(2): onset temperatures of melting for metastable phases, 7m «(2): end
temperatures of melting for metastable phases, Tt o: onset temperatures of solid-solid transition,

Ty: glass transition temperatures
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Table 2 Viscosities (mPa s) of the K[FSA]-[C3Cipyrr][FSA] system.

x(K[FSA])

T/K

0 0.05 0.10 0.15 0.20 0.25
273 103 125 156 200 256 342
278 83.5 100 123 155 195 255
283 68.5 81.3 982 123 152 196
288 56.9 67.0 80.0 98.1 120 153
293 47.8 55.7 65.9 80.0 96.8 121
298 40.6 46.9 55.6 66.0 78.2 98.4
303 34.8 39.9 46.9 54.9 64.7 79.4
308 30.0 34.2 39.9 46.5 54.1 65.7
313 26.1 29.8 343 39.4 45.6 55.5
318 22.9 26.0 29.6 33.8 38.9 46.7
323 20.2 22.5 25.8 29.1 33.4 39.8
328 17.8 19.8 22.6 25.4 28.9 33.6
333 15.9 17.5 19.8 222 25.1 29.3
338 14.2 15.6 17.5 19.6 22.0 25.4
343 12.8 14.0 15.6 17.3 19.4 222
348 11.5 12.6 14.0 15.5 17.2 19.8
353 10.5 11.4 12.7 13.9 15.4 17.6
358 9.6 10.3 11.5 12.5 13.8 15.6
363 8.8 9.4 10.4 11.3 12.5 14.1
368 8.1 8.7 9.6 10.4 11.4 12.8
373 7.6 8.0 8.8 9.5 10.4 11.5
378 7.0 7.4 8.1 8.8 9.5 10.5
383 6.5 6.9 7.4 8.1 8.7 9.6
388 6.1 6.4 6.9 7.5 8.0 8.8
393 5.7 6.0 6.5 6.9 7.4 8.2
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Table 3 Ionic conductivities (mS cm ') of the K[FSA]-[C3Cipyrr][FSA] system.

x(K[FSA])

T/K

0 0.05 0.10 0.15 0.20 0.25
258 - - - - 0.63 0.45
263 - - 1.5 1.2 0.88 0.65
268 - 23 1.9 1.5 1.2 0.91
273 3.5 2.9 2.5 2.0 1.6 1.2
278 4.3 3.6 3.1 2.6 2.1 1.6
283 5.2 4.4 3.8 3.2 2.6 2.1
288 6.2 53 4.7 3.9 3.2 2.6
293 7.2 6.3 5.6 4.8 4.0 33
298 8.4 7.3 6.6 5.7 4.8 4.0
303 9.7 8.5 7.7 6.7 5.7 4.8
308 11.0 9.8 8.9 7.8 6.7 5.7
313 12.5 11.1 10.2 9.1 7.9 6.8
318 14.0 12.6 11.6 10.4 9.1 7.9
323 15.6 14.2 13.1 11.8 10.4 9.1
328 17.4 15.8 14.7 13.3 11.8 10.4
333 19.2 17.6 16.4 15.0 13.3 11.8
338 21.2 19.4 18.2 16.7 15.0 13.3
343 23.2 21.3 20.1 18.5 16.7 15.0
348 25.3 234 22.1 20.4 18.5 16.6
353 27.5 25.5 242 22.4 20.4 18.6
358 29.8 27.7 26.4 24.5 22.4 20.5
363 32.2 30.1 28.7 26.8 24.6 22.4
368 34.7 32.5 31.0 29.0 26.7 242
373 37.4 35.0 334 314 29.0 26.1
378 40.1 37.7 36.0 33.8 31.4 28.7
383 43.0 40.5 38.8 36.3 33.8 31.2
388 46.1 43.5 41.5 38.8 36.3 33.6
393 49.5 46.7 44.3 41.4 38.8 35.9
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Table 4 Densities (g cm™) of the K[FSA]-[C3Cipyrr][FSA] system.*

x(K[FSA])

T/K

0 0.05 0.10 0.15 0.20 0.25
278 13553 1.3740 1.3935 14146 14370 1.4610
283 13512 13698 1.3893 14103 14326  1.4566
288 13472 13657 1.3851  1.4061 1.4284  1.4522
293 13431 13616 1.3810 14019 1.4241  1.4479
298 13391 13575 13769 13977 1.4198  1.4436
303 13351 13535 13727 13935 14156 14393
308 13311  1.3495 13687 1.3894 14114  1.4350
313 13272 13454 13646 13852 1.4072  1.4308
318 13232 13414 13605 13811 1.4031  1.4266
323 13193 13375 13565 13771 1.3989  1.4224
328 13153 13335 13525 13730 1.3948  1.4182
333 13114 13296 1.3485 13689 1.3907 1.4140
338 13076 1.3256  1.3445 13649 1.3866  1.4098
343 1.3038 13217 1.3406 13609 1.3825  1.4057
348 13000 13178 13366 13569 1.3784  1.4016
353 12962 13139 13327 13529 13744 13975
358 12924 13101 1.3288 1.3489 13703  1.3934
363 12887 13063 1.3250 13450 1.3664  1.3893
A,x10*  —7.8479 -7.9634 -8.0648 -8.1851 -8.3037 -8.4272
B, 15732 1.5950 1.6174 1.6418 1.6675  1.6949

“ Density values were fitted by the following equation; p = 4,7 + B,
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Table 5 Molar concentrations (mol dm™>) of the K[FSA]-[C3Cipyrr][FSA] system.

x(K[FSA])
T/K
0 0.05 0.10 0.15 0.20 0.25
278 0 0.2260 0.4653 0.7192 0.9891 1.2766
283 0 0.2254 0.4639 0.7171 0.9861 1.2728
288 0 0.2247 0.4625 0.7149 0.9832 1.2690
293 0 0.2240 0.4611 0.7128 0.9802 1.2652
298 0 0.2233 0.4598 0.7106 09773 1.2614
303 0 0.2227 0.4584 0.7085 0.9744 1.2577
308 0 0.2220 0.4570 0.7064 09715 1.2539
313 0 0.2213 0.4557 0.7043 0.9686 1.2502
318 0 0.2207 0.4543 0.7022 0.9658 1.2466
323 0 0.2200 0.4530 0.7002 0.9629 1.2429
328 0 0.2194 0.4516 0.6981 0.9601 1.2392
333 0 0.2187 0.4503 0.6960 0.9572 1.2356
338 0 0.2181 0.4490 0.6940 0.9544 1.2319
343 0 0.2174 0.4476 0.6919 0.9516 1.2283
348 0 0.2168 0.4463 0.6899 0.9488 1.2247
353 0 0.2162 0.4450 0.6879 0.9460 1.2211
358 0 0.2155 0.4437 0.6858 0.9432 1.2175
363 0 0.2149 0.4424 0.6839 0.9405 1.2140
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Table 6 The a values of K[FSA]-[CsCipyrr|[FSA] ionic liquid in the Walden plot.

x(K[FSA])
0 005 010 0.15 020 025
a 0911 0912 0915 0912 0917 0.921

Table 7 Summary of electrochemical windows for M[FSA]-[C3Cipyrr][FSA] ionic liquids (M =

K, Na, or Li).“
Limit potential / V vs. F¢"/Fc  Electrochemical
Cathode Anode window / V
K-ion system -3.31 241 5.72
Na-ion system -2.96 2.46 5.42
Li-ion system -3.07 241 5.48

¢ Anode limits are the potentials where the current density reaches 0.1 mA ¢cm in the anodic

sweep.
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Table 8 Comparison of the standard potentials of M/M (M = K, Na, or Li) in various

electrolytes at 298 K.*
Difference of standard potential / V
Electrolyte Reference
E°(K'/K) - E°(Na"/Na)  E°(K'/K) — E°(Li"/Li)
M[FSA]-{Cs;Cipyrr][FSA]** —0.35 —0.24 This study
Water -0.22 0.10 18
PC -0.32 -0.09 18
MeCN -0.32 —0.15 18
DMF -0.23 0.10 18
DMSO -0.22 0.13 18
T™MS —0.23 N.A. 18

PC = Propylene carbonate, MeCN = Acetonitrile, DMF = N,N-Dimethylformamide,

DMSO = Dimethyl sulfoxide, TMS = Tetramethylene sulfone (sulfolane)

* The standard concentration is 1 mol dm™,

** Values of M[FSA]-[CsCipyrr][FSA] were measured at the molar concentration of M[FSA] of
0.98 mol dm™ for K[FSA] (this study), 0.98 mol dm™ for Na[FSA]', and 1.0 mol dm for

Li[FSA]%.
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Figure 1 Phase diagram of the K[FSA]-[CsCipyrr][FSA] system. Tm o(1): onset temperatures of
melting for stable phases, 7m ¢(1): end temperatures of melting for stable phases, 7Tm o(2): onset
temperatures of melting for metastable phases, 7m ¢(2): end temperatures of melting for

metastable phases, 7w o: onset temperatures of solid-solid transition, 7g: glass transition

temperatures.
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Figure 2 Arrhenius plots of viscosities for the K[FSA]-[CsCipyrr][FSA] system (x(K[FSA] = 0—

0.25).
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Figure 3 Arrhenius plots of ionic conductivities for the K[FSA]-[C;Cipyrr][FSA] system

(x(K[FSA] = 0-0.25).
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Figure 4 Density plots of the K[FSA]-[C3Cipyrr][FSA] system (x(K[FSA] = 0-0.25).
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Figure 5 Walden plots of the K[FSA]-[C3Cipyrr][FSA] system (x(K[FSA] = 0-0.25). The ideal

KCl line is indicated by a dashed line.
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Figure 6 Cyclic voltammograms of (a) K[FSA]-[Cs;Cipyrr][FSA] (x(K[FSA]) = 0.20), (b)
Na[FSA]-[Cs;Cipyrr][FSA] (x(Na[FSA]) = 0.20), (c) Li[FSA]-[C3Cipyrr][FSA] (x(Li[FSA]) =
0.20) at 298 K. Working electrodes: copper disk (cathode limit) and glassy carbon disk (anodic
limit). Scan rate: 5 mV s~!. Cycle number: 1st. Cathode and anode limits of each electrolyte are

indicated by dashed lines.
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Table S1 VTF parameters of viscosities for the K[FSA]-[C3Cipyrr][FSA] system (x(K[FSA] = 0-0.25).

x(K[FSA]) Ar<10° B,/K To, / K
/ mPa s K712

0 9.39 898 135
0.05 9.15 917 137
0.10 8.97 933 139
0.15 8.57 949 142
0.20 8.16 968 145
0.25 7.85 992 147

Table S2 VTF parameters of ionic conductivities for the K[FSA]-[CsCipyrr][FSA] system (x(K[FSA] =
0-0.25).

x(K[FSA]) Ar107 B,/ K Tor/ K
/mS ecm! K12

0 2.04 783 138
0.05 2.20 808 140
0.10 2.34 830 142
0.15 2.57 858 144
0.20 2.73 881 146
0.25 2.82 902 148
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Figure S1 A DSC curve for [C3Cpyrr][FSA]. Scan rate: 2 K min~'.
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Figure S2 DSC curves for K[FSA]-[C5Cipyrr][FSA] (x(K[FSA]) = 0.05). Scan rate: 2 K min".
Holding temperature and time before 2nd cycle: 248 K and 120 min.
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Figure S3 DSC curves for K[FSA]-[C3Cipyrr][FSA] (x(K[FSA]) = 0.10). Scan rate: 2 K min~'. Holding

temperature and time before 2nd cycle: 248 K and 120 min.
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Figure S4 DSC curves for K[FSA]-[C3Cipyrr][FSA] (x(K[FSA]) = 0.15). Scan rate: 2 K min~!. Holding
temperature and time before 2nd cycle: 248 K and 120 min.
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Figure S5 DSC curves for K[FSA]-[C3Cipyrr][FSA] (x(K[FSA]) = 0.20). Scan rate: 2 K min~'. Holding

temperature and time before 2nd cycle: 248 K and 120 min.
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Figure S6 DSC curves for K[FSA]-[C3Cipyrr][FSA] (x(K[FSA]) = 0.25). Scan rate: 2 K min~!. Holding
temperature and time before 2nd cycle: 243 K and 120 min.
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Figure S7 DSC curves for K[FSA]-[C5Cipyrr][FSA] (x(K[FSA]) = 0.30). Scan rates: (a) 2 K min™' and (b)
1 K min~!. Holding temperature and time before 2nd cycle: 238 K and 120 min.
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Figure S8 DSC curves for K[FSA]-[C5Cipyrr][FSA] (x(K[FSA]) = 0.40). Scan rate: 2 K min™'. Holding

temperature and time before 2nd cycle: 223 K and 120 min.
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Figure S9 DSC curves for K[FSA]-[C3Cipyrr][FSA] (x(K[FSA]) = 0.50). Scan rate: 2 K min~'. Holding

temperature and time before 2nd cycle: 233 K and 60 min.
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Figure S10 DSC curves for K[FSA]-[C3Cipyrr][FSA] (x(K[FSA]) = 0.60). Scan rate: 2 K min~'. Holding
temperature and time before 4th cycle: 238 K and 60 min.
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Figure S11 DSC curves for K[FSA]-[C3Cipyrr][FSA] (x(K[FSA]) = 0.70). Scan rate: 2 K min".
Holding temperature and time before 2nd cycle: 243 K and 60 min.
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Figure S12 DSC curves for K[FSA]-[C3Cipyrr][FSA] (x(K[FSA]) = 0.80). Scan rate: 2 K min~'. Holding

temperature and time before 4th cycle: 238 K and 90 min.
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Figure S13 DSC curves for K[FSA]-[C3Cipyrr][FSA] (x(K[FSA]) = 0.90). Scan rate: 2 K min™'. Holding

temperature and time before 4th cycle: 243 K and 60 min.
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Figure S14 A DSC curve for K[FSA]. Scan rate: 2 K min™!.
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Figure S15 (a) Cyclic voltammograms of a platinum disk in K[FSAJ-[C3;Cipyrr][FSA] ionic liquid

(x(K[FSA]) = 0.20) containing 10 mmol dm™ ferrocene. Scan rates: 1-50 mV s~!. Temperature: 298 K. (b)

Correlation plots of current densities and the square root of scan rates.

a b
( ) 04 1 1 1 ( ) 0'4 I 1 L2
0.3 i
9 o
€ i
o ,
< 0.2 ’ i
8 g 0 Rd
.‘._," -— 5mVs = ,'.,
-0.2 Comy el 0.1 . i
----- 25mV s-1|] |
=== 50 mV s e
-0.4 . ] . ] ) ] " 0L I 1 ]
-08 -06 -04 -0.2 0 0 0.1 0.2 0.3 04

E/V vs. Ag'/Ag VIR [ (V s=1)112

Figure S16 (a) Cyclic voltammograms of a platinum disk in Na[FSA]-[CsCipyrr][FSA] ionic liquid
(x(Na[FSA]) = 0.20) containing 10 mmol dm ferrocene. Scan rates: 1-50 mV s~!. Temperature: 298 K.

(b) Correlation plots of current densities and the square root of scan rates.
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Figure S17 (a) Cyclic voltammograms of a platinum disk in Li[FSAJ-[C3Cipyrr][FSA] ionic liquid
(x(Li[FSA]) = 0.20) containing 10 mmol dm™ ferrocene. Scan rates: 1-50 mV s~!. Temperature: 298 K. (b)

Correlation plots of current densities and the square root of scan rates.

As shown in Figures S15-S17, the reaction of ferrocenium cation/ferrocene couple
(Fc*/Fc) is considered to be reversible. Assuming the diffusion coefficients of the oxidant and
the reductant are almost same, the formal potential of the reaction can be calculated as

follows;?

. E,+E,
2

E* (A-1)

where E°'is the formal potential, Ep, is the peak potential during the positive potential sweep,
and E,. is the peak potential during the negative potential sweep. The diffusion coefficients of
ferrocene can be calculated from the correlation plots between current densities and the

square root of scan rates. For the reversible reaction, these plots are fitted by the following

equation;?
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Jou =0.4463x% (ﬁ] n*2 D, *C V"2 (A-2)

where jia is the current density (in A cm ), F is the Faraday constant (in C mol™'), R is the
gas constant (in J mol™! K™!), T is temperature (in K), n is the stoichiometric number of
electrons involved in an electrode reaction, Dr is the diffusion coefficient of the reductant (in
cm? s7!), Cr is the concentration of the reductant (in mol cm™), and v is the scan rate (in V
s1). The obtained diffusion coefficients of ferrocene are 1.9 x 107 cm?s™!, 2.1 x 107 cm? s/,
and 2.6 x 107 cm? s' in K[FSA]-[C3Cipyrr][FSA], Na[FSA]-[CsCipyrr][FSA], and
Li[FSA]-[C3Cipyrr][FSA] ionic liquids, respectively. These values are close to other ionic

liquids.>¢
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