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ABSTRACT

Renewable energy resources and rechargeable batteries are key to
establishing a carbon-neutral society. Lithium-ion batteries (LIBs)
have been widely used in portable electronic devices for the past
30 years. However, the further spread of large-scale batteries is
essential in the household and industrial sectors, which drives the
research and development of technologies beyond LIBs. Since
ionic liquids are safe and confer unique physicochemical proper-
ties, several next-generation batteries utilizing ionic liquid electro-
lytes have been researched. Sodium-ion and potassium-ion
batteries show promise in overcoming the potential problems of
LIBs related to the uneven distribution of lithium and cobalt
resources. Fluoride-shuttle batteries deliver significantly higher
theoretical energy densities compared to current LIBs. Never-
theless, many issues remain unresolved for the practical
application of these batteries. This comprehensive paper provides
several research topics on next-generation rechargeable batteries
utilizing ionic liquids and various charge carriers, unveiling their
novelty, the issues to be solved, and future research directions.

Future

Na-ion batteries
K-ion batteries

Safe batteries
for large-scale use

Amide-based

ionic 'iqUids§\\‘

Present

Fluoride-shuttle
batteries

Fluorohydrogenate /

ionic liquids High power batteries
® for electric vehicles
¢ Q.
S0, o7 Ye
@ LY

© The Author(s) 2022. Published by ECSJ. This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial- @@@@
ShareAlike 4.0 License (CC BY-NC-SA, http://creativecommons.org/licenses/by-nc-sa/4.0/), which permits non-commercial reuse, distribution, and reproduction By No SA
in any medium by share-alike, provided the original work is properly cited. For permission for commercial reuse, please email to the corresponding author. [DOI:

10.5796/electrochemistry.22-00073].

Keywords : lonic Liquids, Sodium-ion Batteries, Potassium-ion Batteries, Fluoride-shuttle Batteries

1. Introduction

Rechargeable batteries are indispensable in modern society, with
applications from portable electronic devices to stationary use.
Lithium-ion batteries (LIBs) have been applied to small-sized
devices, such as smartphones and personal computers, because of
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their superior energy densities compared to existing practical
batteries. The demand for large-sized LIBs is also currently
increasing; they have been considered for use in combination with
intermittent renewable energy resources such as photovoltaic and
wind power. However, lithium and cobalt resources are scarce and
unevenly distributed across the world,> which potentially leads to
instability in market prices, affected by the political situation of
producing countries. Moreover, the utilization of organic solvent-
based electrolytes increases the risk of ignition accidents, which are
more serious for large-sized batteries.’

Under these circumstances, the author focuses on studies
involving sodium-ion batteries (Na-ion batteries; NIB) and potas-
sium-ion batteries (K-ion batteries; KIB) with ionic liquid (IL)
electrolytes as LIB alternatives. Sodium and potassium resources are
abundant in the Earth’s crust. Ionic liquids (sometimes called room
temperature (or low temperature) molten salts) have safety of
negligible volatility and non-flammability; they are composed only
of ions, providing unique physicochemical and electrochemical
properties. Thus, they have been applied as electrolytes for metal
electrodeposition and in various electrochemical devices.* In the
research field of secondary batteries, inorganic salts have historically
been used as electrolytes in molten salt batteries (also known as
thermal batteries) typically operating at temperatures higher than
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500K.%~7 To broaden the range of their application, the electrolytes
have been replaced with mixtures of alkali metal amide-based melts
such as M[TFSA]s and M[FSA]s (where M = alkali metal, TFSA =
bis(trifluoromethylsulfonyl)amide, and FSA = bis(fluorosulfonyl)-
amide), which enables battery operation at temperatures of 353—
423 K %14 Since the melting points of these mixtures are higher than
room temperature, organic cations have been introduced to realize
ionic liquid electrolytes for LIBs'>~!° and NIBs?*->* that function at
room temperature. Apart from NIBs and KIBs, novel batteries called
beyond-LIBs, which exhibit theoretical energy densities superior to
those of current LIBs, have also attracted attention; these include
magnesium secondary batteries and metal-air batteries. In the last
decade, the number of scientific papers on fluoride-shuttle batteries
(FSBs) has gradually increased.?>>® The principle of FSB operation
is very simple, i.e., the naked or solvated fluoride ions shuttle
between the positive and negative electrodes, and this confers high
energy densities despite the charge carrier being a univalent anion.
However, there are significant challenges in the development of
electrolytes that enable operation at room temperature. The present
paper summarizes the progress achieved by the author and his
colleagues on the aforementioned issues, and provides comprehen-
sive insights on next-generation rechargeable batteries utilizing ionic
liquids.

2. Sodium-ion Batteries Using Amide-based lonic Liquid
Electrolytes

2.1 Electrochemical behavior of tin-based negative electrodes

Tin is a negative electrode material candidate for NIBs owing
to its high theoretical capacity (847mAh(g-Sn)~' and 6.17 Ah
(cm3-Sn)™!). According to the Na—Sn phase diagram,?’ tin forms
eight intermetallic compounds with sodium, i.e., NaSngs, NaSny,
NaSns3, NaSn,, a-NaSn, NagSny, NasSn, and Na;sSny, whereas the
crystal structures of some of these compounds are unknown.
Moreover, other Na—Sn alloy compounds, which are absent in the
phase diagram, need to be taken into consideration because their
crystal structures have been reported. Thus, Na—Sn system remains
the subject of various studies.

First, the electrochemical behavior of tin film on aluminum foil
(hereafter, called “tin film electrode™) was investigated in Na[FSA]-
K[FSA] IL electrolyte at 363 K; this is considered a completely
inorganic IL electrolyte, because it does not have organic species.
An electrolyte composition of x(Na[FSA])=0.56 (x(Na[FSA]):
molar fraction of Na[FSA]) melts at 334 K'? and shows a moderate
ionic conductivity of 3.3mScm™! at 363 K. The results of cyclic
voltammetry (CV) and charge—discharge tests for tin film electrodes
suggest reversible alloying and dealloying reactions of tin with
sodium. Figure 1 shows the initial charge—discharge curves of a tin
film electrode at a current density of 0.619 mA cm~2 (approximately
0.1C rate) at 363K.%® Only three plateaus appeared in both the
charge and discharge processes, indicating the formation of three
intermetallic compounds. From the calculated capacities of the Na—
Sn alloys and the capacities obtained during the discharge process,
the three plateaus were assigned as coexisting states of (a’) o-NaSn/
B-Sn, (b’) NagSny/o-NaSn, and (c’) Na;sSns/NagSn,. The cyclabil-
ity of each plateau was confirmed by charge—discharge tests using
only one plateau, which revealed that plateau (¢’) maintained the
highest capacity retention ratio after 30 cycles. In general, the
cyclability of alloy-based negative electrodes is largely affected by
the degree of volume change during the operation. The theoretical
volume contraction ratios during discharging were 0.45, 0.63, and
0.66 for plateaus (a’), (b’), and (c’), respectively. Thus, the tentative
assignment of the phase transition for the potential plateaus was
consistent with the cycling performance.

Since most of the crystalline Na—Sn alloys were obtained by
metallurgical processes, X-ray diffraction (XRD) analysis of Na—Sn
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Figure 1. Initial charge—discharge curves of the Na/Na[FSA]-
K[FSA]/Sn film cell at 363 K. Cut-off voltages: 0.005 and 1.200 V.
Current density: 0.619 mA cm™2. Reproduced with the permission
from Refs. 28 and 29.
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Figure 2. The relation between equilibrium potential and Na
composition for Na—Sn alloy determined by GITT using a Na/
Na[FSA]-K[FSA]/Sn film cell at 363 K. Reproduced with the
permission from Ref. 29.

alloys prepared by electrochemical methods has been used to
elucidate the charge—discharge mechanism of the tin negative
electrode for NIBs.? Figure 2 shows the results of a galvanostatic
intermittent titration technique conducted using a Na/Sn two-
electrode cell at 363 K in the Na[FSA]-K[FSA] IL electrolyte. Three
distinct plateaus were observed at approximately 0.16, 0.08, and 0 V
(vs. Na™/Na). A sloping region was observed in the potential range
of 0.45-0.55V, suggesting multistep reactions for the Na-poor
compositions. Then, Na—Sn alloy samples were prepared via a
combination of galvanostatic and potentiostatic electrolysis. The tin
electrodes at open-circuit potentials of 0.557, 0.225, and 0.007 V
conferred the XRD patterns of B-Sn, a-NaSn, and Na;sSny,
respectively. However, the XRD pattern of the sample at 0.122V
did not match any reported patterns obtained from alloys prepared
by the metallurgical process. According to reports from another
group,3®*! the Nas_,Sn, phase belonging to the trigonal R-3m space
group is electrochemically formed. Thus, the three plateaus at 0.16,
0.08, and 0V correspond to the coexisting states of Nas_,Sn,/a-
NaSn, Na;sSns/Nas_,Sn,, and Na/Na;sSny, respectively. Although
further direct investigation proved difficult, the thermodynamic
parameters were obtained assuming the existence of the NaSn,
phase, i.e., the equilibrium of NaSn,/B-Sn at 0.53 V and a-NaSn/
NaSn; at 0.46 V. The Gibbs energies of formation were calculated to
be —17.0, —23.9, —20.6, and —16.6kJ (mol-atom)~! for NaSn,, o-
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NaSn, Nas_,Sn, (where x was assumed to be 1/2), and Na;sSny,
respectively.

To enhance the cycling properties of alloy-based negative
electrodes, the introduction of buffer materials is effective because
the structural deformation of the electrodes is suppressed by
mitigating the strain generated by large volume changes during
operation. The volume of active material increases by 5.3 times
when Na;sSny is formed from -Sn, which is much larger than in the
case of the Li—graphite system (1.1 times volume change).’? Thus,
TM-Sn alloys (where TM = Cu, Ni, Fe) were prepared by the
annealing of tin film (approximately 1pm thickness) onto TM
current collectors (hereafter, called “Sn—-TM films”), which was
inspired by previous studies on tin negative electrodes for LIBs.>>3

In a study on Sn—Cu films,?* a non-annealed film composed of
B-Sn and CueSns phases was investigated. After 10h of annealing
at 463K, B-Sn disappeared and the CugSns and CuzSn regions
increased. The reversible capacities decreased with annealing time,
whereas the capacity retention ratios were improved. Figure 3 shows
the charge—discharge profiles and cycling properties of a Sn—Cu film
annealed for 4h at 463 K. Discharge capacities of 100-120 mAh
(g-Sn)~! were maintained for 1000 cycles, indicating appropriate
stability for long-term operation. Most of the reversible capacities
were derived from the B-Sn phase; however, CugSns was also found
to act as an active material based on the ex-situ XRD results. In
contrast, Cu3zSn was inactive with sodium.

Similar studies have been conducted on Sn-Ni and Sn-Fe
films.3*37 Metastable needle-like NiSn; and stable laminar Ni;Sny
phases were observed in the non-annealed Sn—Ni film. In contrast to
the Sn—Cu films, the reversible capacities quickly decreased within
10 cycles after annealing at 463K for 2 and 10h. According to
cross-sectional field emission-scanning electron microscopy (FE-
SEM), the rapid capacity decline was caused by the collapse of the
thick NizSny layer between the B-Sn layer and the Ni current
collector. NizSny was found to be inactive with sodium, which
differs from the situation with LIBs.>®* In the case of the Sn—Fe
films, annealed films were prepared at 533K over 0—-45h. An
intermetallic compound, FeSn,, appeared after the annealing process
and was slightly active with sodium. Although the annealed films
showed better cyclability than the non-annealed film, their reversible
capacities were less than 100 mAh (g-Sn)~!.

2.2 Improved performance of full-cells with highly concen-
trated electrolytes
Several room temperature ionic liquids (RTILs) have been

investigated as possible NIB electrolytes.?’2*404! Among them,
pyrrolidinium-based RTILs are promising because of their relatively
high ionic conductivities and electrochemical stabilities. The
Na[FSA]-[C;Cpyrr][FSA] (C;C;pyrr = N-methyl-N-propylpyrroli-
dinium) IL exists as a liquid phase at room temperature (298 K)
within a compositional range of x(Na[FSA])= 0-0.50. The
composition of x(Na[FSA]) = 0.20 exhibited moderate ionic con-
ductivities of 3.6 and 10.6mS cm™" at 298 and 333 K, respectively.

The charge—discharge behaviors of several positive and negative
electrodes have been investigated in this IL using half-cells with a
Na metal counter electrode.*>** Full-cell performance was also
evaluated, which proved that both coin-type and large-sized hard
carbon (HC)/NaCrO, cells exhibited practical performance.®’
However, the full-cell capacity rapidly decreased at higher current
rates and the degradation mechanism was unclarified. A simple
strategy to improve the rate capability is to increase the concen-
tration of charge carrier, i.e. Nat ion in the electrolyte. The
enhancement of rate capability was previously reported for several
positive electrodes using Na* ion-concentrated IL electrolytes,*®*’
despite the Na*t ionic conductivities decrease with increasing Na*
ion concentration in the bulk electrolyte.*® Thus, the author and his
colleagues investigated the charge—discharge mechanism of NIBs
with highly concentrated IL electrolytes at 333K using three-
electrode HC/NaCrO, full-cells with a Na metal reference
electrode.®

Figure 4a shows the charge—discharge curves of the HC/NaCrO,
full-cell using the Na[FSA]-[C;Cpyrr][FSA] IL electrolyte at a
composition of x(Na[FSA]) = 0.20 at a charge—discharge rate of
0.5C (1C = 100 mA (g-NaCrO,)™"). The charge—discharge profiles
of HC and NaCrO, were clearly separated, enabling the evaluation
of the rate-determining process in the full-cell. A reversible capacity
of 91.5mAh (g-NaCrO,)~! was obtained at an average operating
potential of 2.72'V, resulting in a gravimetric energy density of
177 Wh (kg-(NaCrO, 4+ HC))™!. Figures 4b and 4c show the
discharge curves of the full-cells at various discharge rates using
Na[FSA]-[C;Cpyrr][FSA] IL electrolytes at compositions of
x(Na[FSA]) = 0.20 and 0.40, respectively. The HC/NaCrO, full-
cell using an electrolyte with a lower Na composition rapidly
degraded at discharge rates higher than 2 C. In contrast, the highly
concentrated electrolytes delivered superior capacity retention ratios,
even at 2 C. By comparing the discharge curves at a 2 C rate for both
electrolytes, a clear difference can be seen in the profiles of the
NaCrO, positive electrode. The positive electrode potential suddenly
dropped at a capacity of approximately 50 mAh (g-NaCrO,)~" in the

3
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Figure 4. (a) Charge—discharge curves of a HC/Na[FSA]-
[C5Cypyrr][FSA]/NaCrO, full-cell (x(Na[FSA]) = 0.20). Operating
temperature: 333 K. Charge—discharge rate: 0.5C (1C = 100mA
(g-NaCrO,)™!). The legends, Ve, Epg, and Eng are the cell voltage,
the potential of the NaCrO, positive electrode and the potential of
the HC negative electrode, respectively. (b and c) Discharge curves
of the HC/Na[FSA]-[C;Cpyrr][FSA]/NaCrO, full-cells at 333 K.
Charge rate: 0.5C. Discharge rates: 0.5-8C (1C = 100mA
(g-NaCrO,)~!). The electrolyte compositions: (b) x(Na[FSA]) =
0.20 and (c) x(Na[FSA]) = 0.40. Reproduced with the permission
from Ref. 49.

case of the electrolyte with x(Na[FSA]) = 0.20, suggesting an
increase in the reaction resistance during the discharge process.
Since a similar behavior was observed in the HC negative electrode
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Figure 5. Cyclic voltammograms of (a) K[FSAJ]-
[C5Cpyrr][FSA] (x(K[FSA]) = 0.20), (b) Na[FSA]-
[C5Cpyrr][FSA] (x(Na[FSA]) = 0.20), (©) Li[FSA]-

[C5Cypyrr][FSA] (x(Li[FSA]) = 0.20) at 298 K. Working electrodes:
copper disk (cathode limit) and glassy carbon disk (anodic limit).
Scan rate: SmV s~!. Cycle number: 1st. Cathode and anode limits of
each electrolyte are indicated by dashed lines. Reproduced with the
permission from Ref. 55. Copyright 2017 American Chemical
Society

for the charge rate capability test, the Na* ion intercalation process
is likely to be the rate-determining step of the full-cell, which
indicates that the depletion of Na™ ions occurs in the electrolyte in
the vicinity of the NaCrO, electrode surface during the discharging
step. Further investigation is required to elucidate these phenomena.

3. Potassium-ion Chemistry in lonic Liquids

3.1 Development of ionic liquid electrolytes

Potassium-ion batteries (KIBs) are promising because of the
abundance of potassium resources and their high operating voltages.
After the publication of pioneering works on KIBs,**-3? the number
of scientific papers has rapidly increased in recent decades.’>4
The author has focused on the possibility of KIBs utilizing IL
electrolytes’>°! because the electrode potential of potassium is
empirically known to be more negative than that of lithium in many
molten salts and ionic liquids. K[FSA]-[C;C,pyrr][FSA] IL was
selected as a KIB electrolyte candidate, and its physicochemical and
electrochemical properties were systematically compared to those
of its lithium and sodium counterparts.®> Figure 5 shows cyclic
voltammograms of M[FSA]-[C;Cpyrr][FSA] (M =Li, Na, K;



Electrochemistry, 90(10), 101005 (2022)

I ' I v I N | i
o Li
FTA |3 o O A A Na[~
v K
FSA |- o @
O Cs
PC |- e e Ve s Ao
MeCN |~ % L Dy
Water [ @ AT P
10 T S L A Rt
3 B B K By
NMP e @ e NED ooy I
DMSO [ | R A
L 1 L 1 L 1 L 1 L
-0.4 -0.2 0 0.2 0.4 0.6

Potential / V vs. Li*/Li
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(CM™*) = 1 moldm™3), MeCN = acetonitrile (CM™) =
Imoldm~3), EtOH = ethanol (C(M*)= 1moldm™), DMF =
N,N-dimethylformamide (C(M*) = 1 mol dm~3), NMP = N-methyl-
pyrrolidone (C(M*) = 1 moldm™3), DMSO = dimethyl sulfoxide
(C(M™*) = 1moldm™). Reproduced with the permission from
Ref. 59. Copyright 2020 American Chemical Society

x(M[FSA]) = 0.20) obtained at 298 K. The redox potentials of alkali
metals (V vs. Fc™/Fc; Fc = ferrocene) are —3.07V (Li), —2.96 V
(Na), and —3.31V (K). Since the oxidative limit potentials, which
are ascribed to FSA™ decomposition, are almost the same among
these systems, the K-ion system possesses the widest electrochem-
ical window of 5.72'V, leading to the possibility of electrolyte for
high-voltage KIBs. K[FSA]-[C;C;pyrr][FSA] IL at a composition
of x(K[FSA]) = 0.20 exhibited a reasonably high ionic conductivity
of 4.8mScm~! at 298 K, which was higher than that of its sodium
counterpart (3.6mScm™' at 298 K).*® Therefore, this IL has been
adopted as the standard electrolyte for KIBs. The battery perform-
ance results are discussed in the next section. Similar trends in
the electrolyte properties were also confirmed for M[FSA]-
[CoCim][FSA] (C,C im = I-ethyl-3-methylimidazolium) ILs.*
The redox potentials of alkali metals were further investigated
using the M[FTAJ-[C4C,pyrr][FTA] system (M =Li, Na, K,
Rb, Cs; FTA = (fluorosulfonyl)(trifluoromethylsulfonyl)amide;
C4C,pyrr = N-butyl-N-methylpyrrolidinium).*>® The redox potentials
increased in the following order: Cs < Rb < K < Li < Na. Figure 6
summarizes the redox potentials of the alkali metals (E(M*/M))
with respect to the Li™/Li potential in various electrolytes. Except
for the ionic liquids, the redox potentials were obtained via
thermodynamic calculations (not by electrochemical measure-
ments).®> The trend of the redox potentials is classified into two
types: E(Lit/Li) is the most negative in water and many organic
solvents, and E(Cs*/Cs) is the most negative in ionic liquids and
some organic solvents such as propylene carbonate and acetonitrile.

3.2 Performance evaluation of potassium-ion batteries
To ascertain the feasibility of KIBs, charge—discharge perform-

ances of several active materials have been evaluated using the
K[FSA]-[CsC;pyrr][FSA] IL electrolyte. First, tin was selected as a
representative alloy-based negative electrode material, which gave
theoretical capacities of 452 and 226 mAh (g-Sn)~! for the formation
of K,Sn and KSn, respectively. However, the reversible capacities
were approximately 200 mAh (g-Sn)~! in previous reports using
organic solvent-based electrolytes, suggesting the formation of a
KSn phase. The authors investigated the charge—discharge mechan-
ism of tin negative electrode materials composed of submicron
tin powder, acetylene black (AB) as a conductive agent, and
polyamide—imide (PAI) binder using the K[FSA]-[C;Cpyrr][FSA]
IL electrolyte at 298K.>’ An initial discharge capacity of
186 mAh (g-Sn)~' was obtained at 20mA (g-Sn)~!, which is
comparable to that reported in other studies. The formation of the
KSn phase in the fully charged state was confirmed by ex-situ XRD,
commensurate with the obtained capacities. The reversible capacity
of 173 mAh (g-Sn)~! was retained even after 100 cycles, which was
the highest capacity retention reported among the previous studies
on tin negative electrodes for KIBs. This might be originated from
the superior reductive stability of IL electrolytes compared to that of
organic solvents.

Recently, we reported the charge—discharge behavior of graphite
negative electrodes using the same IL electrolyte.’ The phase
evolution behavior of the graphite composite electrodes with sodium
carboxylmethyl cellulose (CMC) binder was comprehensively
analyzed by ex-situ XRD, revealing the formation of stage-1 KCsg,
stage-2 KC,4, and stage-3 KCsg in both the charging and discharging
processes. In addition, a hysteresis of potential profiles exists in the
high-stage regions (K-poor compositions), as confirmed by XRD
and galvanostatic intermittent titration technique (GITT). The
graphite electrodes exhibited stable cycling properties for over 200
cycles, retaining a reversible capacity of 200 mAh (g-C)~'. From an
academic viewpoint, it is interesting to compare the formation
capability of graphite intercalation compounds (GICs) in alkali
metal-ion systems, because Li and K can form stage-1 GICs,
whereas Na cannot. Figure 7 shows the initial charge—discharge
curves at 298 K, which were obtained using three-electrode cells
with alkali metal reference electrodes and converted to the Fc*/Fc
potentials according to a previous study.’> It was found that the
binary alkali metal GICs were preferably formed at potentials below
—2.85V vs. Fct/Fc, which is very close to the Na*/Na potential
(—2.96 V), probably leading to the difficulty of the formation of low-
stage Na-GICs.

(a) Li system (b) Na system (c) K system
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Figure 7. Initial charge—discharge curves for M/graphite cell

(M =Li, Na, K) using M[FSA]-[C;C,pyrr][FSA] (x(M[FSA]) =
0.20, M = Li, Na, K) electrolyte at 298 K using three-electrode cell
configuration. Current rates: 37.2, 1.5, and 27.9 mA g‘l for Li-, Na-,
and K-ion system, respectively. Reproduced with the permission
from Ref. 61.
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4. Fluoride-shuttle Batteries Using Fluorohydrogenate lonic
Liquids

Fluoride-shuttle batteries (FSBs) are among the most attractive
candidates for next-generation batteries. Metals (M or M’) or their
fluorides (MF, or M'F,) are used in most FSB studies and usually
induce multielectron reactions according to the following equations:
M+ xF~ = MF, 4 xe™ D

(x/yM'F, +xe~ = (x/yM' +xF~ (2)
Historically, inorganic solid-state electrolytes with fluoride ion
conductivities have been investigated,®>~%> which led to an epoch-
making study that fluoride ions reversibly shuttle between positive
and negative electrodes.®® Many scientific papers have been
published on this subject in the past decade;>>*% however, sufficient
performance has only been achieved at temperatures higher than
373 K. Conversely, several novel electrolytes that are operable at
room temperature have been proposed, for example, organic
solvents®’7" and ionic liquids.”"7?> Ether-based organic electrolytes
containing CsF and anion acceptors exhibit reversible fluorination/
defluorination behavior with BiF; and PbF, positive elec-
trodes.®”%7 New organic fluoride salts with high solubility in
organic solvents have been reported, enabling battery applications
for various active materials.®

Based on this background, the author and his colleagues have
focused on fluorohydrogenate ionic liquids (FHILs) as FSB
electrolytes. FHILs are composed of organic/metal cations and
fluorohydrogenate anions, [(FH),F]~ (n = HF composition),”* and
show extremely high ionic conductivities as non-aqueous electro-
lytes owing to the weak ionic interactions derived from fast HF
exchange between [(FH),F]~ anions.”* A representative FHIL,
[C,C,im][(FH), ;F], exhibited an ionic conductivity of 100 mS cm™"
at 298 K,”> which is much higher than that of ILs containing the
[C,Cim]* cation.”® Copper-based materials have subsequently
been selected as the positive electrode materials because of their
high theoretical capacities of 528 mAh (g-CuF,)~! and 844 mAh
(g-Cu)~!. Figure 8 represents cyclic voltammograms and subse-
quent charge—discharge curve of a CuF, composite electrode with
the AB conductive agent and PTFE binder in a [C,Cim][(FH), ;F]
electrolyte at 298 K.”” The obtained discharge and charge capacities
were 517 and 475 mAh (g-CuF,)~!, which are commensurate with
98 and 90 % of the theoretical capacity, respectively, and are the
highest capacities ever reported. Figure 9 summarizes the results
of X-ray photoelectron spectroscopy (XPS) obtained at selected
charge—discharge states. Broad peaks assignable to CuF, observed

Positive electrode:

Negative electrode:
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Figure 9. XPS profiles of CuF, electrodes at various charge—
discharge states. (a) Pristine, (b) after discharging to 50 % of the
theoretical capacity (264 mAh (g-CuF,)™!), (c) after discharging to
—0.3V vs. CuF,/Cu, (d) after charging to 50 % of the theoretical
capacity (264 mAh (g-CuF,)™!), and (e) after charging to 0.7V vs.
CuF,/Cu in [C,Ciim][(FH),3F] at 298 K. Reproduced with the
permission from Ref. 77. Copyright 2013 American Chemical
Society

in the pristine electrodes continuously decreased during the initial
charging process, whereas sharper peaks derived from metallic
copper appeared and became stronger. Following subsequent
charging processes, the CuF, peaks, which almost vanished in the
fully charged state, recovered to the original state. Since the
reformed CuF, could not be detected by XRD, it was obviously
amorphous.

The high reversible capacities can be explained by dissolution
and precipitation mechanisms. According to inductively coupled
plasma-atomic emission spectroscopy (ICP-AES), CuF; is dissolved
in [C,C,im][(FH),3F] at up to 100ppm (= 100 (mg-Cu)dm>).
Thus, under pristine conditions, CuF, exists in equilibrium with the
chemically dissolved copper species (e.g., [CuF4]>7) in the electro-
lyte. When the electrochemical fluorination of copper occurs during
the charge process, the copper is first dissolved into the electrolyte to
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form ionic species, and then precipitates on the electrode surface as
CuF,. This indirect formation is a possible reason for the low
crystallinity of the reformed CuF,. Similar studies were conducted
using metallic copper in the initial state because practical batteries
should be constructed in discharged states owing to their chemical
stability. In addition to [C,C;im][(FH),3F], another FHIL,
[C,Cpyrr][(FH),5F] (CoCipyrr = N-ethyl-N-methylpyrrolidinium),
which possesses a relatively high ionic conductivity of
74.6mScm~! at 298K, has been applied as an FSB electrolyte.”®
The copper metal composite electrodes exhibited a better capacity
retention ratio for the [C,C,pyrr][(FH), 3F] electrolyte, due to CuF,
solubility being as low as 20 ppm in this FHIL.” Combined with the
results of surface scanning electron microscopy—energy dispersive
X-ray analysis (SEM-EDX) mapping, it was found that the low
solubility suppressed the migration of copper species, preventing
aggregation of the active materials. Therefore, controlling the
solubility of the active materials is a key factor in the construction of
FSBs with longer cyclability.

5. Conclusions

This comprehensive paper introduced representative results of
studies on next-generation batteries that utilize ionic liquid electro-
lytes. The study of tin negative electrodes for NIBs elucidated their
fundamental electrochemical behaviors and strategies for improved
cyclability. The origin of the superior battery performance using
highly concentrated electrolytes was analyzed in detail using three-
electrode NIB full-cells; however, there is still scope for future
examination. Several IL electrolytes for KIBs have been developed
and applied to the evaluation of various negative electrode materials.
A comparison of the electrolyte properties of alkali metal-ion
systems has revealed some interesting findings from an academic
viewpoint. FHIL electrolytes conferred the full utilization of CuF,
positive electrodes for FSBs owing to specific dissolution and
precipitation mechanisms. The application of IL electrolytes broad-
ens the possibilities for the development of safe and high-
performance novel electrochemical devices.
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