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Abstract: Ionic liquids (ILs) have a wide variety of applications in energy storage and material
production. ILs are composed of only cations and anions, without any molecular solvents, and
are generally known as “designer liquids (solvents)” because their physicochemical properties can
be tuned by the combination of ionic species. In recent several decades, research and
development activities of rechargeable batteries have garnered considerable attention because
certain groups of ILs exhibit high electrochemical stability and moderate ionic conductivity,
rendering them suitable for application in high-voltage batteries. ILs with amide anions are
representative electrolytes and are extensively researched by many research groups, including our
group. This paper focuses on amide-based ILs as electrolytes for alkali-metal-ion rechargeable
batteries, introducing their history, characteristics, and existing challenges to be addressed.

Keywords: Ionic liquid, Electrolyte, Alkali-metal-ion battery, Lithium-ion battery, Sodium-ion

battery

1. Introduction

With the development of lithium-ion batteries, which are used
in portable electronic devices, rechargeable batteries have
emerged as a critical component in our society, and the
demand for their large-scale application, such as in electric
vehicles and stationary batteries, is increasing. However, the
flammable and volatile characteristics of the organic solvents
used for electrolytes increase the risk of ignition accidents, and
the uneven distribution of cobalt and lithium resources
intrinsically limits the mass production of large-scale batteries
because these rare metals are required for constructing positive
electrodes. These circumstances have led many researchers to a
paradigm shift from conventional organic-solvent-based elec-
trolytes to ionic liquids (ILs) or molten salts, and from lithium
ions to sodium and potassium ions as charge carriers.")

ILs are employed as universal reaction media because of
their unique chemical and thermal stability, negligible vola-
tility, and ionic conductivity. Their potential applications
extend to electrochemical energy storage devices (batteries, fuel
cells, and capacitors),”’ material production,”
and storage,m bioreﬁnery,[sl and biochemistry.m Historically,
ILs have been referred to as room-temperature (or low-
temperature) molten salts to distinguish them from high-

I carbon capture

temperature molten salts, which are mostly composed of
inorganic ion species. Although their boundaries remain
unclear, molten salts with melting points below 373 K are
generally termed “ionic liquids”.[za] In general, melting points

[a] T. Yamamoto, T. Nohira
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decrease when small and hard ions (e.g., halide ions) are
replaced with bulky and soft ions (e. g., organic ions). Applying
rigid definitions to ILs is difficult because the IL research field
is expanding as new types of IL derivatives, such as solvated
ILs, which contain neutral solvents, are emerging.[za‘ﬂ How-
ever, most ILs and their derivatives exhibit high ionicity and
low volatility under typical conditions. Therefore, they are
suitable electrolytes for next-generation rechargeable batteries
and provide excellent safety.

The research and development on rechargeable batteries
using molten salts and ILs began from studies on the behaviors
of metal chloride and bromide molten salts,® which are
known as “molten salt batteries” or “thermal batteries”
operating above 500 K. Since the 1990s, room-temperature
molten salts (ILs) containing imidazolium cations and chlor-
oaluminate anions have been reported as candidate electrolytes
for novel lithium batteries operating at room temperature.[9]
Simultaneously, the physicochemical and electrochemical
properties were reported for imidazolium ILs with various
anion species, such as BF,, PF,”, AsF;", C(SO,CF);,
SO,CF;™ (triflate, TfO™, derived from trifluoromethanesulfo-
nate (TfO)), and N(SO,CF;),” (TFSA~, derived from
bis(trifluoromethylsulfonyl)amide (TFSA))."" Among them,
ILs composed of amide anions (such as TFSA™) exhibit
superior ionic conductivity and electrochemical stability and
are therefore the mainstream battery electrolytes.

Apart from utilizing organic cations, such as the imidazo-
lium series, a strategy to realize batteries operating at low
temperatures is to combine several metal salts. For example,
the melting points of Li[TFSA] and K[TFSA] are 506 and
472 K, respectively, and their mixture at the eutectic
composition of x(Li[TFSA])=0.43 (x: molar ratio) melts at
423 K" A ternary mixture of Li[TFSA], K[TFSA], and
Cs[TFSA] in a molar ratio of 20:10:70 melts at 419 K, and a
Li/LiFePO; cell works efficiently with this melt ac 423 K.
Furthermore, a Na[TFSA]-Cs[TFSA] mixture at x(Na-
[TFSA])=0.10 melts at 390 K and can function as an

electrolyte for sodium batteries, as demonstrated by the

© 2023 The Authors. The Chemical Record published by The Chemical Society of Japan and Wiley-VCH GmbH
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performance of a Na/NaCrO, cell at 423 K.'"'Y However, the
melting points of M[TFSA] mixtures (M=alkali metal)
remain above 373 K. Several years after the development of
TFSA-based ILs, a new class of electrolyte with a simple amide
anion, N(SO,F),~ (FSA™, derived from
bis(fluorosulfonyl)amide (FSA)), has attracted substantial
attention owing to its low melting points."” The potential of
other anions with asymmetric structures, such as N-
(SO,F)(SO,CF;)~ (FTA-, derived from
(fluorosulfonyl) (trifluoromethylsulfonyl)amide  (FTA)), have
also been explored to decrease the melting points of ILs."”
The structures of representative ions in ILs are summarized in
Figure 1. This comprehensive paper introduces representative
research on alkali-metal-ion batteries utilizing amide-based ILs,
including the contributions of the authors, and discusses the
feasibility for their practical applications and potential issues.

2. TFSA-Based ILs

TFSA-based ILs are a widely used class of battery electrolytes
because they are easy to handle and have a high electro-
chemical stability and moderate ionic conductivity. Although
imidazolium-based compounds have been well studied, they
have insufficient reductive stability owing to their aromatic

ring, which potentially hinders their application in the
construction of high-voltage batteries. Since 2000, the
application of quaternary ammonium ILs as battery electrolytes
has attracted attention, and their physicochemical properties

have been investigated to overcome the aforementioned
[14]

issues.
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2.1. Lithium-Ion Batteries

In 2003, Sakaebe and Matsumoto reported the
charge—discharge performance of Li/LiCoO, cells that used
Li[TESA]-[C,C,pip] [TFSA] (C;C,pip = N-methyl-N-propyl-
piperidinium) as the electrolyte (Figure 2). Their results
demonstrated that the IL was a promising electrolyte for
lithium batteries."™ Garcia et al. demonstrated the perform-
ance of a LijTisO,,/LiCoO, cell that wused Li-
[TESA]—[C,C,im][TFSA] (C,Cim = 1-ethyl-3-meth-
ylimidazolium) as the electrolyte in a temperature range of
278-353 K. At 298 K, the rate capability of the cell was
higher than that achieved with Li[BF]—[C,C,im][BF,] but
less than that obtained with Li[TFSA] in ethylene carbonate/
dimethyl carbonate, which is a typical organic solvent-based
electrolyte. In another study, Sakaebe etal. elucidated the
effects of cationic structures on the properties of Li/LiCoO,
cells and concluded that the stability against Li metal
159" According
to the thermal stability tests of various electrolytes in contact
with Li metal and Li; ,CoO,, which were performed by
imitating the conditions of practical batteries, Li-
[TFSA]—[C,C,pip] [TFSA] IL showed higher thermal stability

than organic solvent-based electrolytes.“s‘” To enhance the

determined the charge—discharge performance.

performance of lithium metal negative electrodes, Howlett
etal. used X-ray photoelectron spectroscopy, Fourier-trans-
form infrared spectroscopy, Raman spectroscopy, and electro-
chemical impedance spectroscopy to examine the nature of the
solid electrolyte interphase (SEI) formed on the lithium metal
Li[TFSA]—[C,C,pyrr] [TFSA]

(C5C,pyrr = N-methyl-N-propylpyrrolidinium)."*

surface in the electrolyte

! They pro-
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Figure 1. Representative cations and anions contained in ILs and their structures.
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Figure 2. Charge-discharge curves of a Li/Li[TFSA]-[C,C,pip][TFSA]/Li-
CoO, cell. Reproduced from Ref. [15a] with permission from Elsevier.

posed a model for the SEI layer formed on electrochemically
deposited lithium, which was different from the native species
present on the surface of commercially available lithium metal.
A major drawback of the TFSA-based ILs is their poor
compatibility with graphite negative electrodes," which are
currently used in most practical lithium-ion batteries. There-
fore, a majority of studies on lithium-ion batteries have
gradually shifted their focus to FSA-dominant ILs.

2.2. Sodium-Ion and Potassium-Ion Batteries

In the mid-2000s, following the pioneering work conducted in
the 1980 5,"% sodium secondary batteries attracted significant
attention owing to the increasing demand for lithium-ion
batteries."” Sodium resources are abundant in the Earth’s crust

Chem. Rec. 2023, 23, ¢202300169 (4 of 15)
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and seawater; hence, its depletion is not a concern, in contrast
to the case of lithium and cobalt."® Monti et al. reported the
physicochemical properties of Na[TFSA]—-[C,C,im][TFSA]
and Na[TFSA]—[C,C,im][TFSA] (C,C,im = 1-butyl-3-meth-
ylimidazolium) ILs."” At the same time, several studies were
conducted on Na[TFSA]-[C,C,pyrr][TESA] (C,C,pyrr = N-
butyl-N-methylpyrrolidinium).>”
onstrated the charge—discharge performance of Na/NaFePOy

[20b

Wongittharom etal. dem-
cells.”™ Tt is well known that sodium cannot be reversibly
intercalated into graphite;m] hence, hard carbon (HC) is used
as the negative electrode for sodium-ion batteries with organic
solvent-based electrolytes.”” A few studies have been con-
ducted on the performance of HC negative-electrodes with
pure TESA ILs; however, the presence of TFSA™ anions
adversely affects the HC performance.”

Recently, the possibility of potassium-ion batteries has
been explored considering the abundance of potassium
resources in the Earth’s crust and their potentially high
operating voltages.” Based on our previous report on
Li[TESA]-K[TFSA]-Cs[TFSA] system,!"" the cathodic limit
of the melt at 423 K is the lithium metal deposition/
dissolution reaction, which indicates that the redox potential
of K/K is more negative than that of Li*/Li. Thus, by
employing IL electrolytes, the construction of potassium-ion
batteries with operating voltages similar to or higher than those
of lithium-ion batteries is possible. Masese and Yoshii et al.
reported the properties of K[TFSA]—[C;C,pyrr][TESA] IL and
the charge—discharge performance of several positive electro-
des, such as K,;Ni,;Te; 30, (Figure 3) and K, Fe;sMn, 50,

electrodes.

© 2023 The Authors. The Chemical Record published by The Chemical Society of Japan and Wiley-VCH GmbH
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Figure 3. Charge—discharge curves of a K/K,Ni,TeOg half-cell using an IL
electrolyte (0.5 M K[TFSA] in [C,C,pyrr][TFSA]). Reproduced from Ref.

[25a] with permission from Nature Portfolio.

3. FSA-Based ILs

ILs composed of FSA™ anion appeared as a new class of
electrolytes owing to their high ionic conductivities and low
melting points (Table 1), which are derived from high
dissociation abilities. Moreover, FSA-based ILs are known to
realize lower interfacial resistance at the electrode/electrolyte
interface, which was explained by the SEI film formation with
good compatibility.”*** Therefore, FSA-based ILs are among
the commonly used electrolytes in battery studies thus far.

3.1. Lithium-Ion Batteries

In 2006, Matsumoto etal. compared the physicochemical
properties of Li[TFSA]—-[Ocat][X] (Ocat=C,C,im, C;C,pyrr,
and C;C,pip; X=TFSA and FSA) with Li[TFSA] concen-
tration of 0.3 mol kg™ and the performance of Li/LiCoO,
batteries (Figure 4).””* Compared to pure TFSA ILs, those
containing FSA™ anion showed higher ionic conductivities and
lower viscosities. Moreover, the Li/LiCoO, cells with ILs
containing FSA™ ions exhibited superior capability, which
reflects their electrolytic properties. Ishikawa et al. reported
that graphite negative electrodes could function with electro-
lytess of 0.8M Li[TESA] in [C,C/im][FSA] or
[C;C,pyrr][FSA] ILs." In contrast, pure TFSA IL, 0.8 M
Li[TESA]-[C,C,im][TFSA], gives the poor reversibility of Li™
intercalation/deintercalation into/from graphite (Figure 5).1158
Although the performance appeared to improve after replacing
C,Ciim" with C;Cpyrr* in the IL electrolytes,** TFSA™
anions destabilized the performance of the graphite negative
electrodes. Ishikawa etal. explained the phenomenon was
attributed to the difference between the electrolyte/electrolyte
interfacial liquid structures in Li[TESA]—[C,C,im][TFSA] and
Li[TFSA]-[C,C,im][FSA] ILs.*™ In 2008, Guerfi etal.
reported the performance of Li/graphite and Li/LiFePOy half-
cells using pure FSA ILs, Li[FSA]—[Ocat][FSA] (Ocat=

Cell Voltage / V

50 25 10 1
1 1

3_0 1 1 1 1
0 20 40 60 80 100 120 140 160

Specific Capacity / mAh g’

4.5

42 L

3.9 |—

36 |

Cell Voltage / V

33}

30 1 L 1 L
0 20 40 60 80 100 120 140 160

Specific Capacity / mAh g”'

Figure 4. Charge—discharge curves of Li/LiCoO, half-cells using 0.3 mol kg™
Li[TFSA]—[Ocat][TESA] (Ocat=(a) C,C,im, (b) C;C,pyrr) IL electrolytes.
Reproduced from Ref. [27a] with permission from Elsevier.

C,C,im, C;C,pyrr), where the reversible capacities were
comparable to those of organic solvent-based electrolytes.
However, the rate performance of these IL-based batteries was
inferior to that of organic solvent-based electrolytes, which
remains an issue to be solved. A possible application of IL
batteries is in space engineering, which requires cells with high
thermal and radiation stabilities and negligible risks of vapor-
ization and ignition accidents. Prototype graphite/LiNi, ;Mn;,
3C0,30; cells with Li[FSA]—[C;C,pyrr][FSA] electrolyte was
successfully operated in a demonstration module on a micro-
satellite launched in 2014.””" Based on structural studies
conducted on Li[X]—[C,C,im][X] (X=TESA and FSA),?" the
stable complex ions in the FSA-based IL are [Li(FSA),]” and
[Li(FSA);]*", and the dominant species easily fluctuates with
temperature, owing to the presence of monodentate ligands. In
contrast, [Li(TFSA),]” is rather stable in TFSA-based ILs, in
which Li" is coordinated only by bidentate ligands. These
structural differences may decrease the melting points and
increase the solubility of Li salts at room temperature in FSA-
based ILs.""

3.2. Sodium-Ion Batteries

In 2012, we reported the charge—discharge performance of
Na/NaCrO, cells at 353 K with Na[FSA]-K[FSA] (x(Na-
[FSA])=0.56) electrolyte that melts at 334 K (Figure 6).””
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Table 1. Physicochemical properties of selected ILs at 298 K.*

IL M salt M7 concentration n/mPa s o/mS cm™ plg cm™ T../K Ref.
Neat IL

[C,C,im][TFSA] - - 33 8.3 [274]
[C;C,pyrr][TESA] - - 61 3.9 [27a]
[C,C,pip][TFSA] - - 151 1.4 [27a]
[N,,,5][TESA] — — 172 0.98 1.33 <223 [54a]
[P,,ys] [TFSA] - - 88 1.73 132 290 [S4a]
[C,C,im][FSA] - - 18 15.4 [27a]
[C,C,im][FSA] - - 19.2 16.4 1.442 263 [39]
[C5C,pyrr][FSA] - - 40 8.2 [274a]
[C,C,pyrr] [FSA] - - 40.6 8.4 1.3391 269 (37]
[C;C,pip][FSA] - - 95 3.7 [274]
[N, [ESA] - - 100 24 1.230 288 (35f]
[P,,,4][FSA] - - 62 4.5 1.26 257 [54b]
[P,,,5][FSA] - - 70 3.0 1.24 238 [54b]
[Syal [FSA] - - 20 153 1.3890 (54c]
[S12,][FSA] - - 24 15.7 1.4504 218 [54c]
[C,C,pyrr][FTA] - - 51.0 4.4 1.357 [50]
Li system

[C,C,im][TFSA] Li[TFSA] 0.3 mol kg™ 55 5.1 [27a]
[C;C,pyrr][TESA] Li[TFSA] 0.3 mol kg™ 130 2.0 [27a]
[C,Cpip] [TESA] Li[TESA] 0.3 mol kg! 330 0.7 (27a]
[C,C,im][FSA] Li[FSA] 0.3 mol kg™ 24 11.0 [27a]
[C,C,im][FSA] Li[FSA] 1.110 mol dm™® 36.3 10.1 1.501 254 [55]
[C;C,pyrr][FSA] Li[FSA] 0.3 mol kg™ 51 5.5 [27a]
[C5C,pyrr][FSA] Li[FSA] 0.987 mol dm™ 71.0 5.0 1.4022 [56]
[C5C,pip][FSA] Li[FSA] 0.3 mol kg’1 124 2.5 [27a]
[C,Cpyrt] [FTA] Li[FTA] 0.820 mol dm™ 117 2.0 1.416 262 (50]
Na system

[C,C,im][FSA] Na[FSA] 1.110 mol dm™ 43.4 8.5 1.519 251 [35d]
[C,C,pyrr] [FSA] Na[FSA] 0.983 mol dm™> 95 3.6 1.4127 [35¢]
[Ny, [FSA] Na[FSA] 1.280 mol dm™® 356 0.69 1.354 [35f]
[C,C,pyrr][FTA] Na[FTA] 0.819 mol dm™® 149 1.7 1.427 [50]
K, Rb, and Cs systems

[C,C,im][TFSA] K[TFSA] 0.5 mol dm™ 58 5.7 1.559 ~255 [25b]
[C5C,pyrr][TESA] K[TFSA] 0.5 mol dm™ 119 2.1 1.474 ~280 [25b]
[C,C,im][FSA] K[FSA] 1.100 mol dm™ 39.1 10.1 1.523 256 [39]
[C5C,pyrr][FSA] K[FSA] 0.977 mol dm™ 78.2 4.8 1.4198 256 [371
[C,Cpyrr][FTA] K[FTA] 0.814 mol dm™ 128 2.2 1.431 [50]
[C,C,pyrr] [FTA] Rb[FTA] 0.811 mol dm™ 119 23 1.464 (50]
[C4C,pyrr][FTA] Cs[FTA] 0.806 mol dm™ 97.4 2.6 1.494 [50]

*n: viscosity, o: ionic conductivity, p: density, 7;,: melting point

Unlike TFSA-based ILs, this IL is composed entirely of
inorganic ions, realizing an electrolyte with high resistance to
reduction.”"” Moreover, the production of FSA-based ILs does
not require electrolytic fluorination, which is a process that
increases the cost of TFSA salt synthesis. Subsequently, we
successfully applied several positive and negative electrode
materials to sodium batteries using the Na[FSA]-K[FSA] IL
electrolyte.” At the same time, room-temperature ILs were
studied by several research groups.” We demonstrated
promising results for sodium-ion batteries with Na-

[FSA]—[Ocat][FSA] (Ocat=C;C,pyrr and C,C,im) IL electro-

lytes used in combination with various positive and negative

electrodes.”” The FSA-based ILs were considerably more stable
against Na metal in Na/Na symmetric cells possessing lower
interfacial resistances and showed negligible color changes even
after contact with Na metal for four weeks.”® As shown in
Figure 7, 27 Ah-class HC/NaCrO, full-cells can be successfully
operated using the Na[FSA]—[C,C,pyrr][FSA] electrolyte (x-
(Na[FSA])=0.20) at 298 and 333 K, which indicates the
promising feasibility of large-scale sodium-ion batteries.”"
Moreover, an enhanced battery performance was reported
using ILs with high Na™ ion concentrations.®® We confirmed

the improved rate capability of Na/NaCrO, half-cells at 363 K
when the molar fraction of Na salt (x(Na[FSA])) in Na-

Chem. Rec. 2023, 23, €202300169 (6 of 15) © 2023 The Authors. The Chemical Record published by The Chemical Society of Japan and Wiley-VCH GmbH

RBAEFHERY LS b

KURENA| i

=~s
85UBD7 SUOLULLIOD BAIES.D 3deat|dde au3 Aq peusenob afe a1 VO ‘88N JO S9N 404 AfeiqIT BUIIUO A3]IA UO (SUOIPUOD-PUR-SLUBY IO A8 1M A RIq 1 oU1|UO//SARY) SUORIPUOD PUe SWid | 8U} 885 *[£202/80/T2] U0 Ariqiauljuo 48| ‘Ueder aueI400D Aq 69TO0EZ0Z 10}/200T OT/I0p/W0D" A3 | 1M Ateiq | juljUO//SARY W01} papeo|umoq ‘8 ‘€202 ‘Iegoszg H



A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

K 5F

KYOTO UNIVERSITY

RBAEFHERY LS b %I
|

KURENAI

Kyoto University Research Information Repository

Personal Account

THE CHEMICAL RECORD

1Cycle — — — . 3Cycle
T T 1 1 1 1 i
0.2 (@) 0.8M LiTFS/EMI-TFSI
0.1
0 - -” ——
0.1
-0.2
] | ] ] | |
| | | 1 I 1
" 20F O m 0.8MLITFSVEMIFSI 3
<
E 1oL 3
> 1
w
5 0 t ;l
gt 1
= - 3
40k 8
3 E 3
20 £ 3
L
1.0
() 0.8M LiTFSVP13-FSI
05
0
-0.5
-1.0
| | 1 1 1 1 | ]
-0.5 4] 0.5 1 1.5 2 2.5 3

Voltage / V vs. Li/Li’

Figure 5. Cyclic voltammograms of natural graphite in various ILs. (a) 0.8 M
Li[TFSA]-[C,C,im][TFSA], (b) 0.8 M Li[TFSA]-[C,C,im][FSA], and (c)
0.8 M Li[TESA]—[C,C,pyrr][FSA]. Reproduced from Ref. [15f] with

permission from Elsevier.

[FSA]—[C,C,pyrr][FSA] was increased from 0.20 to 0.40.%
We further investigated the performance of HC/NaCrO, full-
cells with a Na metal reference electrode and evaluated the
charge—discharge behaviors of positive and negative electrodes
separately.’¥ As the charge—discharge rate increased, larger
potential polarizations were observed at the positive and
negative electrodes during discharging and charging, respec-
tively. This indicates the depletion of Na' ions in the IL
electrolytes inside the composite electrodes, where the Na* ion
insertion reaction occurs (Figure 8). Therefore, the full-cell

— Ist
-=- 20th
-+ 100th

Cell voltage / V
;

0 20 40 60 80 100
C/ mA h (g-NaCrQO,)’!

Figure 6. Charge—discharge curves for a Na/NaCrO, cell using the Na-
[ESA]-K[FSA] (x(Na[FSA])=0.56) electrolyte at 353 K. Charge—discharge
rate: 15 mAg~". Reproduced from Ref. [32] with permission from Elsevier.

capacity is possibly determined by the capability of supplying
Na* ions from the bulk electrolyte to the electrolyte inside the
composite electrodes.

3.3. Potassium-Ion Batteries

In 2017, we reported the physicochemical and electrochemical
properties of K[FSA]—[C,C,pyrr][FSA],"” which was the first
study on IL electrolytes for potassium-ion batteries. Based on
Arrhenius plots obtained at various K[FSA] compositions
(Figure 9), the viscosity and ionic conductivity of the ILs are
fitted using VTF (Vogel-Tammann—Fulcher) equations,
which are often used for viscous and glass-forming
compounds.”®

B,

n(T) = 4,7 exp (T_i%o) W
AU BO'

0( T) = T2 exp (_ T — TO(;) 2)

Here, T is the absolute temperature, 75, (or Tj,) is the
ideal glass transition temperature, and 4, (or 4,) and B, (or
B,) are constants related to the frequency factor and activation
energy, respectively. Table 2 presents a comparison between
the selected properties of different M[FSA]—[C,C,pyrr][FSA]
(x(M[FSA])=0.20; M=Li, Na, and K) ILs at 298 K. The
potassium-based IL exhibited an ionic conductivity of 4.8 mS
ecm™' at 298 K, which was superior to that of its sodium
counterpart and comparable to that of its lithium counterpart.

Chem. Rec. 2023, 23, €202300169 (7 of 15) © 2023 The Authors. The Chemical Record published by The Chemical Society of Japan and Wiley-VCH GmbH
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Figure 7. (a) Appearance of a 27 Ah HC/NaCrO, prismatic full-cell using the
Na[FSA]—[C;C,pyrr][FSA]  (x(Na[FSA]) =0.20) electrolyte (external size:
113x150x 38 mm; weight: 1.08 kg), and (b) its charge—discharge curves at
298 and 333 K. Charge—discharge rate: 2.7 A (298 K) and 10 A (333 K).
Reproduced from Ref. [35h] with permission from Springer.

Figure 10 shows the electrochemical windows of M-
[FSA]—[C,C,pyrr][FSA] (x(M[FSA])=0.20; M=Li, Na, and
K) ILs at 298 K. The redox potential of K*/K is more negative
than that of Na™/Na by 0.35 V and that of Li*"/Li by 0.24 V.
The potential difference between the Li*/Li and K*/K redox
couples is larger than that of typical organic solvents,”” which
indicates that potassium-ion batteries with operating voltages
higher than that of lithium-ion batteries can be constructed
using this IL electrolyte. Similar trends were observed for
M[FSA]—-[C,C,im][FSA] (x(M[FSA])=0.20; M=Li, Na, and
K) ILs.” Our group applied the K[FSA]—[C,C, pyrr][FSA]
electrolytes to potassium-ion batteries and confirmed good
charge—discharge performances for tin-based alloys™ and
graphite!® negative electrodes as well as graphite/K,Mn[Fe-

(a) x(Na[FSA])=0.20
Specific capacity / mAh (g-NaCrO,)™"

100
T

Cell voltage / V or
Potential / V vs. Na*/Na

1
0 50 100 150 200 250
Specific capacity / mAh (g-HC)™'

(b) x(Na[FSA])=0.20
Discharge capacity / mAh (g-NaCrO,)™"

35 0 20 40 60 80 100

3.0
25

20
1.5
1.0

Cell voltage / V or
Potential / V vs. Na*/Na

0.5

0 .-/‘;;.-1““““': ...... \ , ,

0 50 100 150 200 250
Discharge capacity / mAh (g-HC)™"

(c) x(Na[FSA]) = 0.40

Discharge capacity / mAh (g-NaCrO,)™"

35 0 20 40 60 80 100

3.0
25
2.0

1.5
1.0

Cell voltage / V or
Potential / V vs. Na*/Na

0.5

0 | ceseiens® -____:. : | ) |
50 100 150 2%
Discharge capacity / mAh (g-HC)™'

Figure 8. (a) Charge—discharge curves of a HC/NaCrO, full-cell using the
Na[FSA]-[C;C,pyrr][FSA]  (x(Na[FSA])=0.20) electrolyte at 333 K.
Charge—discharge rate: 0.5 C (1 C=100 mA (g-NaCrO,)™"). Legends, Vey,
Epg, and Ey; are the cell voltage, potential of the NaCrO, positive electrode,
and potential of the HC negative electrode, respectively. (b and ¢) Discharge
curves of the HC/NaCrO, full-cells using the Na[FSA]—[C,C,pyrr][FSA]
electrolyte (x(Na[FSA])=(b) 0.20 and (c) 0.40) at 333 K. Charge rate: 0.5 C.
Discharge rates: 0.5-8 C. Reproduced from Ref. [36d] with permission from
The Electrochemical Society of Japan.

(CN)  full  cells.*?  After we reported  the K-
[ESA]—[C,C,pyrr][FSA] system, it has been widely used by
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Figure 9. Arrhenius plots of (a) viscosities and (b) ionic conductivities for
K[FSA]—[C;C,pyrr] [FSA] (x(K[FSA])=0, 0.05, 0.10, 0.15, 0.20, and 0.25)
ILs. Reproduced from Ref. [37] with permission from American Chemical
Society.

other groups owing to its high compatibility with various
electrodes.” We also conducted a comparative study on
graphite negative electrodes in M[FSA]—[C;C,pyrr][FSA] (x-
(M[FSA])=0.20; M=Li, Na, and K) electrolytes.""! We
revealed that the formation potentials of binary alkali-metal

graphite intercalation compounds (GICs) were localized below
—2.85V vs. Fc*/Fc (Fc=ferrocene), which was assigned as
the virtual onset potential of GIC formation, as shown in
Figure 11. Consequently, the difficulty of binary Na-GIC
formation with low stage indices can be explained by the small
margin between the onset potential and Na*/Na potential
(—2.96 V vs. Fc*/Fc). In essence, the occurrence of Na metal
deposition dominates over Na™ ion intercalation into graphite.
Recently, Kaushik etal. reported that an inorganic IL
K[FSA]—Cs[FSA] (x(K[FSA])=0.54) was successfully applied
as the electrolyte in potassium-ion batteries in combination
with graphite negative electrodes at 343 K. The absence of
organic cations facilitated stability at elevated temperatures;
however, the melting point of this IL was as high as 336 K.'*"

4. FTA-Based ILs and Other Asymmetric Amide
Anions

As mentioned in the introduction, asymmetric anions can
effectively decrease the melting points of ILs by preventing
close packing between the cations and anions."* The lower
melting points of ILs compared to those of traditional molten
salts can be explained clearly using recent results obtained
through quantum chemical calculations and molecular dynam-
ics simulations. Endo et al. revealed that structural entropies,
particularly configurational (intermolecular) entropies, domi-
nantly contribute to the large entropies of ILs.*”” A similar
interpretation can be applied to explain the lower melting
points of ILs with asymmetric anions.

4.1. Lithium-Based Batteries

In the 2000s, ILs with several asymmetric anions, such as
FTA™, N(SO,CF;)(COCF;)~ (TSAC", 2,2,2-trifluoro-IV-
(trifluoromethylsulfonyl)acetamide), ~ N(SO,C,Fs)(SO,CF;)~
(PTESA™ or C,C,, (pentafluoroethylsulfonyl)(trifluorometh-
ylsulfonyl)amide), were applied as the electrolytes for lithium-
ion batteries.!**!%J Although TSAC-based ILs showed lower
viscosities and higher ionic conductivities than TFSA-based
ILs, their reductive stability was low, which reflected in the
performance of Li/LiCoO, cells."> PTFSA™ anion possesses
electrochemical stability comparable to TFSA™; however,

Table 2. Physicochemical and electrochemical properties of M[FSA]—[C;C, pyrr][FSA] (M =Li, Na, and K) ILs at 298 K.

M o/ mScm™ n/ mPas plgem™ Limit potential vs. Fc™/Fc/ V ¥ EW./VY
Cathode Anode

Li 5.0 71.0 ¢ 1.4022° -3.31 2.41 5.48

Na 3.67% 95 1.4127 %> —2.96 2.46 5.42

K 487 78.27% 1.4198 -3.07 2.41 5.72
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Figure 10. Cyclic voltammograms of copper disk (cathode limit) and glassy
carbon disk (anodic limit) in (a) K[FSA]-[C,C,pyrr][FSA] (x(K[FSA])=
0.20), (b) Na[FSA]-[C,C,pyrr][FSA] (x(Na[FSA])=0.20), and (c¢) Li-
[FSA]-[C;C,pyrr][FSA] (x(Li[FSA]) =0.20) electrolytes at 298 K. Scan rate:
5 mVs™. Cycle number: Ist. Cathode and anode limits of each electrolyte are
indicated by dashed lines. Reproduced from Ref. [37] with permission from
American Chemical Society.

PTEFSA-based ILs are more viscous owing to their bulkiness.!>

ILs based on another asymmetric anion, N(SO,F)(SO,C,Fs)~
(FPFSA™, (fluorosulfonyl)(pentafluoroethanesulfonyl)amide),
were explored.“” The FPFSA-based ILs showed ionic con-
ductivities and electrochemical stabilities comparable to those
of TESA-based ILs, and also possessed lower melting points.
In 2008, Matsumoto etal. reported the physicochemical
properties of various ILs with FTA™ anions, which exhibited
significantly lower melting points than ILs with other amide

Chem. Rec. 2023, 23, €202300169 (10 of 15) © 2023 The Authors. The Chemical Record published by The Chemical Society of Japan and Wiley-VCH GmbH
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Figure 11. Initial charge—discharge curves of M/graphite half-cells (M=Li,
Na, and K) using the M[FSA]-[C;C,pyrr][FSA] (x(M[FSA]) =0.20, M=Li,
Na, and K) electrolyte at 298 K. Corresponding alkali metals were used as
reference electrodes in a three-electrode cell configuration. Current densities:
37.2, 1.5, and 27.9 mAg’1 for Li-, Na-, and K-ion systems, respectively.
Reproduced from Ref. [41] with permission from Electrochemical Society.

anions."* Subsequently, various FTA-based ILs with Li* and
organic cations were developed and applied to both lithium-
ion batteries"***” and dual-carbon batteries.**!

Similar to FSA systems, M[FTA] ILs without organic
cations appear as electrolytes with low melting points for this
kind of ILs.!*4* Li[FTA] single salt melts at 373 K and can
be used as a single cation ionic liquid (SCIL) electrolyte in Li/
LiCoO, and Li/LiFePO, batteries at 383 K.** Since SCILs
contain single alkali metal cations without any neutral solvents
or organic ILs, they cannot be diluted. Thus, they are
intrinsically unrelated to the decrease in concentration of alkali
metal cations on the electrode surface. In addition, SCILs
generally have a high cation transference number, which is
advantageous over organic solvent-based electrolytes and
organic ILs of the same conductivity. Furthermore, a Li-
[FTA]-Cs[FTA] (x(Li[FTA]) =0.40) binary IL was applied as
the electrolyte of lithium-ion batteries operating at 318-
383 K, in which LiCoO, and LiFePO, positive electrodes and
a graphite negative electrode functioned successfully (Fig-

ure 12).19%0¢

4.2. Other Rechargeable Batteries

In 2020, Yang etal. conducted systematic studies on a
Na[FTA]-[C;C,pyrr][FTA] system as the electrolyte of
sodium-ion batteries, and investigated the effects of the Na*
ion concentration on the electrochemical behavior of Na/Na
symmetric cells and Na/HC half-cells.”® We reported the
physicochemical and electrochemical properties of M-
[FTA]-[C,C,pyrr][FTA] ILs (x(M[FTA]) =0.20; M =Li, Na,
K, Rb, and Cs) as the electrolytes of alkali metal-ion batteries
and revealed that the trend of ionic conductivities of these ILs
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Figure 12. Charge—discharge curves of (a) Li/LiCoO, cell and (b) Li/LiFePOy
cell using the Li[FTA]-Cs[FTA] (x(Li[FTA])=0.40) electrolyte at 45-110
°C. Charge—discharge rate: 0.1 C (LiCoO,: 0.025 mAcm™ LiFePOy
0.015 mAcm ). Reproduced from Ref. [49b] with permission from Electro-
chemical Society.

at 298 K could be explained by the charge densities of alkali
metal cations, except for the Li-based system.[5 % Moreover, the
values of the M"/M redox potential increased as follows: Cs <
Rb < K < Li < Na, which indicated that the Cs system
exhibited the widest electrochemical window. As shown in
Figure 13, the trend of the M"/M redox potential is similar to
that of other ILs and several organic solvents, such as
propylene carbonate and acetonitrile, but is different from that
of other organic solvents and aqueous solutions.”"! These
potential differences should be originated from the coordina-
tion environments, i.e., the interactions between alkali metal
cations and solvents (or anions). Some trends have been
explained by thermodynamic calculations for aqueous solu-
tions and organic solvents.® Since ILs are composed entirely
of cations and anions and are dominated by ion—ion
interactions, it is natural to consider that smaller cations
induce stronger ion—ion interactions which may lead to high

FTA |80 v L A Nal

FSA

PC

MeCN

Water

EtOH

DMF

NMP

DMSO [ @[ e Ao

L " 1 L L
-0.4 -0.2 0 0.2 0.4 0.6
Potential / V vs. Li*/Li

Figure 13. Redox potentials of alkali metals (E(M*/M); M =alkali metal) in
various electrolytes with respect to  E(Li"/Li). FTA=M-
[FTA]-[C,C,pyrr][FTA] (C(Li*)=0.820 mol dm™, C(Na™)=0.819 mol
dm™, C(K")=0.814 mol dm>, C(Rb")=0.811 mol dm ™, and C(Cs")=
0.806 mol dm ™), FSA =M|[FSA]—[C,C,pyrt][FSA] (C(Li*) =0.99 mol dm™,
C(Na")=0.98 mol dm™>,”* and C(K")=0.98 mol dm™),”” PC=propylene
carbonate (CMM*)=1mol dm™), MeCN =acetonitrile (C(M™)=1 mol
dm™?), EtOH=cthanol (CMM")=1mol dm™), DMF=N,N-dimeth-
ylformamide (C(M¥) =1 mol dm ™), NMP = N-methylpyrrolidone (C(M™) =
I mol dm™), and DMSO=dimethyl sulfoxide (C(M")=1mol dm™).
Reproduced from Ref. [50] with permission from American Chemical Society.

electrochemical stability (more negative redox potential of
alkali mertals). However, the obtained results cannot be simply
explained by this hypothesis, indicating that other factors
should affect the unexplained trends in ILs. We also
investigated rubidium intercalation/deintercalation into/from
graphite in a Rb[FTA]—[C,C,pyrr][FTA] IL electrolyte at
298 K, which firstly realized the electrochemical formation of
a RbC; phase at room temperature.””

Significantly, SCILs as electrolytes for potassium-ion
batteries have been studied by several groups (Figure 14).5% A
K[FSA]-K[FTA] mixture with a composition of x(K[FSA])=
0.55 was reported to melt at 340 K, and the operation of a
graphite negative electrode at 353 K was demonstrated,
entailing the formation of a KCg phase in the fully charged
B3 A room-temperature SCIL was recently realized by
mixing  K[FSA] and  K[MPSA] (MPSA = (3-meth-
oxypropyl) (trifluoromethylsulfonyl)amide) in the composition-
al range of x(K[FSA])=0.50—0.80, which showed an ionic
conductivity of approximately 1 mS cm™" at x(K[FSA])=0.50
at 328 K.O%

state.
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Figure 14. (a) Phase diagram of the K[FSA]—K[FTA] binary system  wyere created or analyzed in this study.
determined through differential scanning calorimetry (DSC), and (b) charge —
discharge curves of a K/graphite cell using the K[FSA],s[FTA]j4s SCIL at
80°C and a charge—discharge rate of 0.3 C. Reproduced from Ref. [53a] with
permission from American Chemical Society. (c) Phase diagram of the
K[FSA]-K[MPSA] binary system determined through DSC analysis (7
melting point; 7,: glass transition temperature). Reproduced from Ref. [53b]

with permission from American Chemical Society. References
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