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ABSTRACT: Ionic liquids (ILs) are liquids consisting entirely of ions and can be

further defined as molten salts having melting points lower than 100 °C. One of the most A
important research areas for IL utilization is undoubtedly their energy application, =5

especially for energy storage and conversion materials and devices, because there is a

continuously increasing demand for clean and sustainable energy. In this article, various Iﬂ":

application of ILs are reviewed by focusing on their use as electrolyte materials for Li/Na Battery

ion batteries, Li-sulfur batteries, Li-oxygen batteries, and nonhumidified fuel cells and as :

carbon precursors for electrode catalysts of fuel cells and electrode materials for batteries

and supercapacitors. Due to their characteristic properties such as nonvolatility, high

thermal stability, and high ionic conductivity, ILs appear to meet the rigorous demands/ Lithium- -
criteria of these various applications. However, for further development, specific ::,'::r;
applications for which these characteristic properties become unique (i.e, not easily

achieved by other materials) must be explored. Thus, through strong demands for Q

research and consideration of ILs unique properties, we will be able to identify
indispensable applications for ILs.
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1. INTRODUCTION

Ionic liquids (ILs) are defined as molten salts having melting
points lower than 100 °C, and most of them are organic salts
having a large variety of designability. They are recognized as a
third group of solvents (and electrolytes), following water and
organic solvents, and are typically characterized by unique
properties such as nonvolatility, high thermal stability, and high
ionic conductivity. These properties are, however, much
affected by Lewis acidity/basicity of cations/anions (i.e.
Coulombic interactions), the directionality of interactions
between cations and anions, and van der Waals interactions
between ions. In other words, regarding the properties of ILs, it
should be understood with the greatest care that the
characteristic properties as mentioned above are not always
afforded by all ILs, which in turn provides the scope to design
new task-specific ILs.

One of the most important application research areas for IL
utilization is undoubtedly their energy application. There is
increasing demand for clean and sustainable energy, especially
for energy storage and conversion materials and devices.
Typical examples are lithium batteries and fuel cells, for which
commercial application in hybrid, electric, and fuel cell vehicles
as well as for stationary use in homes, buildings, and up to large
power grid-scale has already commenced. Active and thorough
research has supported the development of innovational
materials utilized in these devices. For instance, carbonate-
based electrolytes have been used in Li-ion batteries, which
ensured the highest energy density secondary batteries ever
developed. However, at the same time, such flammable organic
carbonates still have a safety issue especially when Li-ion
batteries are used on a large scale such as in electric vehicles
and power grids. Furthermore, in so-called “beyond Li-ion
batteries” such as Li-sulfur batteries and Li-oxygen batteries,
conventional carbonate-based electrolytes cannot be used due
to side reactions, dissolution of electroactive materials, and
evaporation of the solvents. In the case of the fuel cells, water-
assisted proton conductivity of proton conducting membranes,
typically Nafion, hampers their elevated temperature use at
higher than 100 °C due to rapid evaporation of water and
concomitant decrease of the proton conductivity. These issues
are prompting research on new electrolytes materials based on
ILs. Meanwhile, nonvolatility and high thermal stability of ILs
have enabled certain ILs to be precursors of carbon materials.
This new methodology has unveiled highly functional and task-
specific carbon materials for energy applications.

In this article, energy applications of ILs are reviewed. In the
following three chapters, the electrolyte applications of ILs to
Li/Na ion batteries, Li-sulfur batteries, and Li-oxygen batteries
are critiqued. In the following chapter, the application of protic
ILs as proton conductors for fuel cells is reviewed, where
composite membrane fabrication consisting of protic liquids
and polymers is essential and crucial for practical application.
Finally, carbon materials derived from ILs are demonstrated,
which indicates that ILs can be new building blocks of new
functional materials for energy applications, especially for
catalysts and electrodes. Abbreviations of typical cations and
anions comprising ILs appearing in this review are shown in
Table 1.

2. LI/NA ION BATTERY ELECTROLYTES

Li-ion batteries have high energy density and high power
density and have been widely used as power sources for
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portable devices. Li-ion batteries are typically comprised of a
carbon negative electrode, a Li-containing transition metal
oxide (LiMO,, M: transition metal) positive electrode, and an
organic electrolyte.' ™ Li* is intercalated into the carbon
negative electrode and Li" deintercalation from the LiMO,
positive-electrode occurs during the charging of a Li-ion cell,
and the reverse reactions proceed during the discharge. The
potential of LiMO, positive electrodes are typically in the range
of 3.5—4.2 V versus Li/Li* (0.36—1.16 V vs SHE). On the
other hand, the potential of carbonaceous negative electrodes is
as low as 0—0.3 V versus Li/Li* (—3.04 ~ —2.74 V vs SHE),
therefore, aprotic electrolytes are used to avoid significant side
reactions at the negative electrode. Nowadays, Li salts dissolved
in aprotic molecular solvents such as ethylene carbonate (EC)
and diethyl carbonate (DEC) are used as electrolytes in
practical Li-ion batteries.”> The organic molecular solvents
exhibit flammability and volatility. Improvement of electrolyte
safety for Li-ion batteries is strongly desired, especially for
large-scale energy storage systems, such as batteries for electric
vehicles and power grids. Room temperature Na-ion batteries
using aprotic electrolytes have also been investigated as
alternative power sources.” Thermally stable electrolytes have
been extensively investigated to improve the thermal stability of
these batteries.

ILs are thermally stable and exhibit low-volatility and fire-
retardant ability, and many researchers are attempting to use
ILs as electrolytes for the batteries.”~'” In pioneering studies of
ILs for battery application, chloroaluminate (AICl,~) based ILs
were investigated.lg_u However, the chloroaluminate anion is
quite water-sensitive and corrosive, therefore chloroaluminate-
based ILs have not been so common in recent Li and Na
battery research. The electrolytes for Li and Na ion batteries
should have Li* and Na* ion conducting ability, respectively. In
addition, the electrolytes should also have sufficient electro-
chemical stability. If irreversible reductive decomposition at the
negative electrode and oxidative decomposition at the positive
electrode occur in batteries, the discharge/charge becomes less
efficient. The negative and positive electrodes are highly
reducing and oxidizing agents, respectively, when the battery is
in the fully charged state. Therefore, a wide electrochemical
window is desirable for Li/Na ion battery electrolytes. In this
section, IL electrolytes for Li/Na ion batteries are reviewed. ILs
for Li/Na ion battery electrolytes can be categorized into 3
types: (i) Li/Na salts having melting points lower than 100 °C,
(ii) Li/Na salts dissolved in room temperature ILs, and (i)
solvate ILs composed of complex [A(solvent),]* (A: Li or Na)
cations and counteranions. The characteristics of each type of
IL will be highlighted in this section.

2.1. Low Melting Alkaline Salts

2.1.1. Low Melting Li Salts. The melting points of
conventional Li salts are typically above 200 °C, for example,
236 °C for LiClO,, 296.5 °C for LiBF,, and 200 °C for LiPF,.
This is mainly because of the strong electrostatic attraction
between the Li" ion and anion. The charge density of Li* ion is
high, because of its small ionic radius, resulting in a strong
electrostatic attraction between the Li" ion and the anion.
Therefore, a high temperature is generally needed for melting.
It should be noted here that some inorganic Li salts have
relatively low melting temperatures. For example, the melting
point of LiClO; is 128 °C, and the quaternary system of
NaNO;—LiNO;—LiClO;—NaClO; melts at temperatures lower
than 100 °C.** LiAICL,SCN melts at 110 °C and can maintain a
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liquid state at room temperature as a supercooled liquid, while
the melting point of LiAIC, is 143 °C.** In the LiAICL,SCN
melt, the anion is a mixed ligand compound of AICL;SCN™ with
an asymmetric structure, while the AICl,” anion has a
symmetric structure. It is difficult to predict the melting
temperatures of Li salts because fusion is affected by many
factors, such as the electrostatic interaction between Li* and
anion, size of anion, anion symmetry, conformations of anion,
and so on. The effects of the cation mixing and the asymmetric
structure of anion in the mixtures of alkaline amide salts on the
fusion of the salts will be reviewed in section 2.1.2.

Here we introduce an effective way to lower the melting
point of a Li salt down to room temperature. Li" is a relatively
strong Lewis acid. According to the HSAB theory, weaker
Lewis-basic anions interact with Li" weakly. However, even the
Li salt of a large aluminate anion with very low Lewis basicity
has a melting point much higher than room temperature.””’
Fujinami et al. reported that the introduction of ether groups
into the aluminate structure gave liquid-like Li salts.”®” The
ether groups act as Li" coordinating ligands, dissociating the Li*
cations from the central atom of the anions centers. Watanabe
and co-workers prepared lithium ILs consisting of Li" and
borates having electron-withdrawing groups, to reduce the
anionic basicity, as well as Li" coordinating ether ligands, to
dissociate the lithium cations from the central atom of the
anions.’*™* Similarly, other alkali metal (Li*, Na*, and K*) ILs
can also be prepared with anions having ether groups and bulky
structures. For example, alkali metal oligoether carboxylate

maintains a liquid state at ambient temperature.””** Figure 1
O(CHzCH,0)nCH3 O(CH2CH0)nCH3
Li* Li*
RfO——B—ORf RIO— Al—ORf
O(CH,CH,)OnCH, O(CH,CH,)OnCH;
F F
/CF3
—CH
\ F
CF3
Rf= F F
I
—C—CFy —ﬁ—CF,
o

Figure 1. Structures of Li ILs.

shows the examples of low melting Li salts with weaker Lewis-
basic anions. Although the melting points of these salts are low,
the ionic conductivity of the molten salts is as low as 107°—107*
S cm™ at room temperature.’”*" This is because of their very
high viscosity and the long lifetime of ion pairs (ie,
coordination between anion and cation remains). The bulky
structure of the anions infers high viscosity for these melts. In
addition, the strong Lewis-acidic nature of the Li" ion favors ion
pairing even in the molten state. However, by elevating the
temperature, the ionic conductivity can be enhanced, and it is
possible to use such Li ILs as electrolytes for Li batteries. Figure
2 shows galvanostatic charge and discharge curves of a [Li | Li
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Figure 2. Charge and discharge curves of [Li | Li{lB(OCOCF;),(O-
(CH,CH,0),,CH,),] | LiFePO,] cell measured at 1/10 C rate at 60
°C. Reprinted with permission from ref 32. Copyright 2008 The
Committee of Battery Technology, The Electrochemical Society of

Japan.

ionic liquid | LiFePO,] cell measured at 60 °C.** During the
charging of the cell, Li* is extracted from the LiFePO, positive
electrode (LiFePO, — Li,_,FePO, + xLi* + xe”)> and Li
metal is deposited on the negative electrode (Li* + e~ — Li),
and the reverse reactions take place during discharging. The cell
could be operated stably for more than 40 cycles, suggesting
that severe side reactions do not occur in the cell.

2.1.2. Mixtures of Alkaline Amide Salts. The melting
point of A[TFSA] (A: alkali metal, TESA: bis-
(triftuoromethanesulfonyl)amide = [(CF;SO,),N]7) is rela-
tively high (Table 2); for example, the melting point of

Table 2. Melting points (T,,) and Decomposition
Temperatures (T;) of A[TFSA] and A[FSA] salts (A: Li, Na,
K, Rb, and Cs). Data for A[TFSA] and A[FSA] are from refs
36 and 40, respectively.

salt T, (°C) Ty (°C)
Li[TFSA] 233 384
Na[TFSA] 257 441
K[TESA] 199 460
Rb[TFSA] 177 467
Cs[TESA] 122 472
Li[FSA] 130° 70¢
Na[FSA] 106 140
K[FSA] 102 150
Rb[FSA] 95 162
Cs[FSA] 92 170

“The decomposition rate of Li{FSA] was slow enough to measure its

melting point by DSC at 10 K min™".

Li[TFSA] is 233 °C. Molten A[TFSA] salts have negligibly low
vapor pressure, nonflammability, and high thermal stability.”® In
addition, the [TFSA]™ is electrochemically stable, and the
molten A[TFSA] salts show wide electrochemical windows.
The binary and ternary mixtures of A[TFSA] salts (A: Li, Na,
K, Rb, and Cs) were investigated systematically by Hagiwara
and co-workers.””*® It has been found that the cation mixing of
the salts lowers the melting points (typically 120—150 °C).
They also reported the application of mixtures of A[TFSA]
salts as electrolytes in Li batteries operating at medium
temperature range.”” The melting point of Liy,K, ;Csy,[ TFSA]
is 146 °C, which is much lower than that of Li{ TFSA], and the
ionic conductivity at 150 °C is high, 14 mS cm™'. The
electrochemical deposition/dissolution of Li metal occurs

DOI: 10.1021/acs.chemrev.6b00504
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reversibly in the melt. In addition, the anodic limit (oxidative
stability) of the melt is as high as 5.0 V vs Li. Watarai et al.
demonstrated the stable operation of a Li battery with Li metal
negative electrode and LiFePO, positive electrode at 150 °C
using molten Liy,Ky;Cso,[TESA] as electrolyte.”

The structure of anions also has a significant effect on the
melting point. Interestingly, the binary or ternary mixtures of
[FSA] (FSA: bis(fluorosulfonyl)amide = [(FSO,),N]~ )based
alkaline metal salts have melting points lower than 100 °C.*
Figure 3 shows the phase diagram of the Na[FSA]—K[FSA]
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Figure 3. Phase diagram of the Na[f,N] and K[£,N] system. [f,N] =
[FSA]. Reprinted from ref 40. Copyright 2010 American Chemical
Society.

system; the phase diagram is a simple eutectic type.”’ The
eutectic temperature is much lower than the melting temper-
atures of the constituent salts. The eutectic point is found at
(%na[rsap *k(rsa)) = (045, 0.55) with a eutectic temperature of
61 °C. This eutectic melt can be used as an electrolyte for Na
batteries.*>*" Figure 4 shows the galvanostatic charge and

3.6
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Figure 4. Charge—discharge curves for a Na/Na[FSA]-K[FSA]/
NaCrO, cell at 353 K. Charge—discharge rate: 15 mA g~'. Cut-off
voltage: 2.5—3.5 V. Cycle number: 1, 20, and 100. Reprinted with
permission from ref 43. Copyright 2012 Elsevier.

discharge curves of a Na/NaFSA-KFSA/NaCrO, cell measured
at 80 °C.*’ During the charging of the cell, Na* is extracted
from the NaCrO, positive electrode (NaCrO, — Na,_,CrO, +

xNa* + xe”),” and Na metal is deposited on the negative
electrode (Na* + e~ — Na). The reverse reactions take place
during discharge. The cell could be operated stably for more
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than 100 cycles using the melt as electrolyte. The Coulombic
efficiencies of discharge/charge of the cell were higher than
99.9% for 100 cycles. However, it should be noted that the
decomposition temperate of A[FSA] salts are relatively low
compared with the A[TFSA] salts, as shown in Table 2.
Therefore, the batteries using the [FSA]-based melts as
electrolytes should be operated in a limited temperature
range. The ionic conductivity of the melt at around the melting
point is relatively low, and the temperature should be elevated
but lower than the decomposition temperature.

Recently, Kubota et al. reported that introducing an
asymmetric structure into the amide-type anion can further
reduce the melting point.**™*’ They synthesized (fluorosulfon-
yl) (trifluoromethylsulfonyl)amide anion ([(FSO,) (CF;SO,)-
N]~ denoted as [FTA]"). The melting point of Li[FTA] is as
low as 100 °C. In addition, the thermal stabilities of [FTA] salts
are relatively high compared with [FSA] salts. By mixing
Li[FTA] with Cs[FTA], the melting point can be further
reduced. The melting point of Li,Cso¢[FTA] is 33 °C, and Li-
ion batteries can be successfully operated using the melt as
electrolyte in the temperature range 45—100 °C."

2.2. Alkaline Salts Dissolved in Organic lonic Liquids

There are numerous aprotic ILs composed of organic cations
and counteranlons, having melting points lower than room
temperature However, these organic ILs do not contain Li*/
Na* ions, therefore, Li or Na salts should be mixed with the
organic ILs to use them as electrolytes for Li/Na ion batteries.
In other words, the ILs are used as electrolyte solvents for the
Li or Na salts. The physicochemical properties of Li salt/IL
binary mixtures are significantly affected by the structures of
cations and anions of the organic IL. Herein, we highlight the
characteristics of Li salt/IL binary mixtures.

2.2.1. Effects of Cation Structure. The reductive stability
of the organic ILs is strongly affected by the chemical nature of
the cations. It is widely known that aliphatic quaternary
ammonium (AQA) cations, including pyrrolidinium
([C,mpyr]*) and piperidinuim ([C,mpip]*) cations,”*~>* and
aliphatic quaternary phosphomum (AQP) cations have good
reductive stability.">>” Reversible Li deposition and stripping
are possible in the mixture of a Li salt and AQA- and AQP-
based ILs.’"” Hence, many researchers have investigated
AQA- and AQP-based ILs as electrolyte solvents for Li/Na ion
batteries. Figure 5 shows linear sweep voltammograms of
[TFSA]-based ILs.”® The cathodic (reductive) decomposition
of [C,mim]* and pyridinium cations irreversibly occur at
electrode potentials of —2.3 V and —1.3 V versus I"/I;7,
respectively (0 V vs I7/I;~ corresponds to +2.9 V vs Li/Li").
These potentials are more positive than those for AQA and
AQP cations.”*” However, [C,mim]* based ILs can be used in
a Li jon cell with a negative electrode material Li,TisO,
working at 1.5 V versus Li'. 98359 Also, modification of the
imidazolium cation is effective in enhancing the reductive
stability.”*~®® For example, the reductive stability of the 1,2-
dimethyl-3-propylimidazolium cation is better than that of 1-
ethyl-3-methylimidazolium.®”~** However, the electrochemical
reactions of negative electrode materials are affected by not
only the cation species but also the anion species. It has been
reported that [C,mim][FSA] can be employed in Li-ion
batteries with graphite negative electrode, whose operating
potential is as low as 0.1 V versus Li/Li* (vide infra). Therefore,
the combination of cation and anion of an IL and the Li salt
should be selected carefully for battery applications.

DOI: 10.1021/acs.chemrev.6b00504
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Figure 5. Linear sweep voltammograms of [TFSA]-based ILs measured at a scan rate of 50 mV s~ at 30 °C. Working and counter electrodes were
glassy carbon and Pt, respectively. Reference electrode was Pt wire immersed in [C,mim][TFSA] containing 15 mM I, and 60 mM
tetrapropylammonium iodide. Reprinted with permission from ref 50. Copyright 2000 The Electrochemical Society.

The transport properties of Li salt/IL binary mixtures are
significantly affected by the organic cations. In general, with
increasing ionic radius of the organic cation, the viscosity
increases and ionic conductivity decreases.”* Of course, not
only the cation size but also the anion size, the conformational
freedom (flexibility) of cation and anion, and the interactions
between ions affect the viscosity and ionic conductivity of ILs
(vide infra). Functional groups contained in the cation
structure also affect the viscosity and ionic conductivity of the
ILs. For example, organic cations containing ether groups tend
to result in lower viscosities for the Li salt/IL binary mixtures
owing to the interaction between the Li* and ether group.”>™"*

2.2.2. Effects of Anion Structure. The oxidative stability
of anions mainly determines the anodic limit of the ILs.
Fluorinated anions such as BE,~, PF,~, and amide type anions,
such as [TFSA]™ and [FSA]", are frequently used in the
electrolytes owing to their good anodic stability. The Lewis
basicity of these fluorinated anions is rather weak, resulting in
weak interactions with the weakly Lewis-acidic organic cations
in the liquids.”

When a Li salt is dissolved in molecular solvents (e.g,
propylene carbonate), the Li* ion is stabilized by solvation and
the salt dissociates into a solvated cation [Li(solvent) ]* and
counteranion. In the case of a binary mixture of Li salt and IL,
the Li* is solvated by anions and forms complexes [Li-
(X),]®Y~ (X: anion). For example, as shown in Figure 6, Li*
and [TFSA]™ may form complexes of [Li(TFSA),]” in certain
binary mixtures.”* The hydrodynamic radius of Li* is increased
due to the complex formation, and the viscosity of the mixture

TFSAI" o TFSA1™ ‘a\
-

v( f

[ComIm][Li(cis-TFSA),] [ComIm][Li(trans-TFSA),]

Figure 6. Respective most stable configuration for [C,mim][Li(cis-
TFSA),] and [C,mim][Li(trans-TFSA),]. Reprinted from ref 74.
Copyright 2010 American Chemical Society.
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is increased with increasing Li salt concentration, resulting in a
decrease in ionic conductivity. Seki et al. reported the
transference number of Li* (#;) in 0.32 mol/kg Li[TFSA]/
[DEME][TFSA] to be as low as 0.13.”° This value is much
smaller than that of Li* in molecular solvents. The t;; in LiPF,/
propylene carbonate solution can be evaluated from the self-
diffusion coefficients of Li* (Dy;) and PF (Dpgg) as follows: t;;
= Dy;/(Dy; + Dpgg). In accordance with the literature, t;; in
solutions of LiPF4 dissolved in molecular solvents is in the
range of 0.3-0.5.”° In the binary mixture of Li salt/IL, in
addition to Li', the organic cation and anions are mobile.
Besides, the Li forms complexes with anions, resulting in the
relatively low f;;. The low mobility of Li* results in low limiting
current density in the Li-ion cells.”®

To increase the mobility of Li* ion, the design of the anion
structure is critical. The viscosity of ILs is significantly affected
by the anion structure. Matsumoto et al. reported the
correlation between size of anion and viscosity of the ILs.*®
As can be seen in Figure 7, not only the anion size but also the
structure significantly affects the viscosity. For example, the
viscosity of [DEME]C,F;BF; is much lower than that of
[DEME]BEF,, despite the larger size of C,F;BF;~. The
introduction of asymmetric structure in the anion is effective
in decreasing the viscosity,””’® possibly resulting from a
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Figure 7. Relationship between viscosity of [DEME]*-based ILs at 25
°C (#”°) and van der Waals volume of perfluoroanion (vdWV(-))
obtained by 6-311++G** level ab initio calculation. Cation: [DEME]
= Nipip' = diethylmethylmethoxyethylammonium. Anions: (1)
[BETA], (2) [TESA], (3) [TSAC], (4) [ESA], (5) BE,, (6)
CF,BF,", (7) C,FBE;", (8) n-CyF-BE;", (9) n-C,E,BF,", (10) PE,",
and (11) [FAP]. Reprinted with permission from ref 65. Copyright
2008 The Electrochemical Society.
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The physical properties of lithium electrolytes at 25 °C used were also indicated. Reprinted with permission from ref 65. Copyright 2008 The

Electrochemical Society.

decrease in melting points. Among the ILs with a common
cation [DEME]*, [DEME][FSA] possesses the lowest viscosity.
Low viscosity is favorable as it enhances the Li" mobility in the
electrolyte. Li salts were dissolved in various [DEME]X ILs,
and the prepared electrolytes were used for Li/LiCoO, cells
(Figure 8). In the cells, Li* extraction from the LiCoO, positive
electrode (LiCoO, — Li;_,CoO, + xLi* + xe”)”” and Li metal
deposition occur at the negative electrode during charge, and
the reverse reactions occur during discharge. Figure 8 shows the
discharge capacities of Li/LiCoQ, cells measured at various
current densities. Li[TFSA]/[DEME][FSA] has the lowest
viscosity and highest ionic conductivity among the IL-based
electrolytes in Figure 8, leading to the high rate capability of the
corresponding Li/LiCoO, cell. The advantages of [FSA]-based
ILs as electrolytes for Li batteries have been reported by many
researchers.*’ ™%

The electrode/electrolyte interfacial charge transfer process
is also greatly affected by the anion structure of the IL. At the
interface, the decomplexation (desolvation) of [Li(X),]®V-
occurs and anions are liberated. Therefore, the interaction
between Li" and anions has a significant effect on the interfacial
charge transfer process.”’””* Figure 9 shows the charge transfer

3.5 BETA 35
Anode(Li) Cathode(LiCoO ) BETA
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3.0} 30} TSAC
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2 Q
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g .

Log(R,, / Q)
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Figure 9. Arrhenius plot of apparent charge transfer resistance of
LiCoO, cathode and Li anode observed in various [DEME]*-based
ILs. Cell voltage was kept to be 4.2 V. Reprinted with permission from
ref 65. Copyright 2008 The Electrochemical Society.

resistances (R) for the electrode/electrolyte interfaces in Li/
LiCoO, cells with Li salt/[DEME][X] electrolytes evaluated by
AC impedance method.”® Apparently, the charge transfer
resistances at both the Li metal electrode and LiCoO, electrode
change depending on the anion species of IL. The R, values of
Li metal and LiCoO, are lower in the [FSA]-based IL
compared with those in other IL-based electrolytes, and this
attractive feature is favorable to the development of high power
Li batteries.

Graphite is a representative commonly employed negative
electrode material for Li ion batteries.* During the charging of a
Li-ion cell, the reduction reaction of graphite occurs and Li*
intercalates into the layered graphite structure to maintain
electrical neutrality (6C + Li* + e~ — LiCy).”* In the case of Li
salt/IL electrolytes (except for [FSA]-based ILs), it is known
that the organic cation is inserted into the graphite instead of
Li*, and destruction of the layered structure of graphite takes
place.%’96 However, in the [FSA]-based ILs, the intercalation of
organic cation into graphite is suppressed and reversible Li*
intercalation occurs.”" Figure 10 shows cyclic voltammograms
of graphite electrodes in binary mixtures of Li{TFSA]/ILs. In
the case of Li{ TFSA]/[C,mim][TFSA], the [C,mim]* cation is
intercalated into the graphite at an electrode potential of ca. 1 V
versus Li/Li" during the first cathodic scan, and this
intercalation is irreversible. On the other hand, in the case of
[FSA]-based ILs, the Li* intercalation reaction takes place
reversibly in the potential range of 0.2—0 V. In addition, in the
case [FSA]-based ILs, the reductive decomposition of
[C,mim]* cation at the negative electrode is also prohibited.
At present, it is not clear why the intercalation of organic cation
and decomposition of [C,mim]* cation are prevented in the
[FSA]-based ILs. It has been reported that a small amount of
[FSA]™ anion is decomposed during the initial charging, and
the decomposition products form a stable passivation layer on
the graphite electrode,”” which may prohibit the intercalation
and decomposition of organic cation. However, another
mechanism was also proposed recently,” and further research
is needed for elucidating the electrode process in the [FSA]-
based ILs. In any case, it is worth mentioning that owing to the
favorable nature of [FSA]-based ILs, a Li-ion cell with a [FSA]-
based IL electrolyte was adopted as a power source for an
artificial satellite in 2014.”
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Figure 10. Cyclic voltammograms of natural graphite in various ionic
liquid electrolytes between 0 and 1.2 V at a scan rate 0.1 mV s™": (a)
0.8 M Li[TFSA]/[C,mim][TFSA], (b) 0.8 M Li[TFSA]/[C,mim]-
[FSA], and (c) 0.8 M Li[TFSA]/ [Cympyr][FSA]. Reprinted with
permission from ref 81. Copyright 2006 Elsevier.

As well as Li salt/organic IL binary systems, the Na salt/
organic ILs can also be used as the electrolytes for Na and Na-
ion batteries.'*’~"'* Hagiwara et al. demonstrated the operation
of Na batteries using Na[FSA]/[C mpyr][FSA] as the
electrolyte in the wide temperature range of —20—90 °C.'"

2.2.3. Organic lonic Plastic Crystals. Organic ionic plastic
crystals have been investigated as solid electrolytes for Li
batteries. The organic ionic plastic crystals are solids at room
temperature; however, their constituent ions are very similar to
those of Li salt/organic ILs.">™'*2 Of course, upon elevating
the temperature, the ionic plastic crystals melt and become ILs.
Herein, we briefly highlight the Li* ion conducting organic
ionic crystals. In organic ionic plastic crystal phases, ions have
conformational and rotational motion in the crystalline
lattice.''® Although the ionic conductivity of neat ionic plastic
crystals such as [C,mpyr][TFSA] is not so high (107 S cm™
at 60 °C), the doping of a small amount of Li{ TFSA] (4.8 mol
%) dramatically enhances the conductivity to 107* S cm™. The
ion conduction mechanism in the plastic crystal is still unclear
but has been thought to be related in part to rotatory and
vacancy motions.''® The doping of organic ionic plastic crystals
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with Li salts is expected to increase the number of defects
(vacancies and/or dislocations), and this probably facilitates the
ion transport. However, a different ion conduction mechanism
was proposed recently,'””"*' and further research may be
needed. In any case, many Li-salt-doped organic ionic plastic
crystals possess Li* conductivity, and several groups have
demonstrated the operation of all-solid-state Li batteries using
the plastic crystals as solid electrolytes.'**~'*

2.3. Li/Na Solvate lonic Liquids and Solvent-in-Salt
Electrolytes

2.3.1. Solvate lonic Liquids. Li salts and glymes form
complexes in certain molar ratios, and the complexes are low
melting."**"*” Among the complexes, the equimolar complexes
of Li amide salts and triglyme (G3) or tetraglyme (G4) can be
regarded as ILs (Figure 11). The melting point of the

Fi

gure 11. Optimized structures of [Li(G3)][TFSA] (left) and
[Li(G4)][TFSA] (right). Purple, Li; red, O; silver, C; blue, N; yellow,
S; light blue, F; and white, H. Reprinted from ref 130. Copyright 2011
American Chemical Society.

equimolar complex of Li{TFSA] and G3, [Li(G3)][TFSA], is
23 °C and the complex maintains a liquid state in a wide
temperature range as a supercooled liquid. The complex of
Li[TFSA] and G4, [Li(G4)][TFSA], is also liquid at room
temperature and is a glass forming liquid with a glass transition
temperature of —54 °C. Smyrl et al. pointed out for the first
time that the molten [Li(G4)][TFSA] and [Li(G4)][BETA]
complexes can be regarded as ILs; ©° however, no actual
evidence was demonstrated. In the molten complex of [Li(G3
or G4)][TFSA], the Li* and glyme (G3 or G4) form a long-
lived complex cation in 1:1 ratio, [Li(G3 or G4)]*, owing to the
chelate effect, and the molten complex can be regarded as an IL
consisting of a solvate cation [Li(G3 or G4)]" and [TFSA]~
anion.'??713* [Li(glyme)][TFSA] is nonflammable and shows
negligible vapor pressure at a temperature under 100 °C."** We
have to mention here that, historically, Angell was the first who
noticed in 1965 that the “hydrate melts”, such as Mg(NO;),
nH,0 and Ca(NO;),-4H,0, behave as molten salts composed
of a solvated (hydrated) [M(H,0),]** (M = Mg and Ca)
cation and NO;™ anion,**'*® and he named such ILs
comprised of solvated ions “solvate (chelate) ILs”."*”

The [Li(glyme)][TFSA] dissociates into [Li(glyme)]" and
[TFSA]™ anion at room temperature and exhibits ionic
conductivity. The ionic conductivities of [Li(G3)][TFSA]
and [Li(G4)][TFSA] are 1.1 and 1.6 mS cm™', respectively, at
30 °C.!20 [Li(glyme)][TFSA] possesses a high concen-
tration of Li* of ca. 3 mol dm™, and the transference number of
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Li" is higher than 0.5. The ether-based electrolytes have not
been used in Li-ion cells because the oxidation of the ethers
occurs at an electrode potential close to 4 V versus Li/Li". The
oxidative stability of glyme can be enhanced by complexation
with Li*."*" Figure 12 shows the linear sweep voltammograms
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Figure 12. Linear sweep voltammograms of [Li(G3),][TFSA] (x = 1,
4, 8, and 20) at a scan rate of 1 mV s™! at 30 °C. Reprinted from ref
130. Copyright 2011 American Chemical Society.

of mixtures of G3 and Li[TFSA]. When the molar ratio of G3/
Li[TFSA] is higher than 1, the onset of anodic current can be
seen at around 4 V versus Li/Li". The anodic current originates
from the irreversible oxidation of G3. Upon decreasing the
amount of G3 in the mixtures, the anodic limit shifts toward a
more positive potential, and the 1:1 complex [Li(glyme)]-
[TFSA] is stable up to 4.5 V versus Li/Li". The oxidation of G3
is caused by the extraction of electrons from the lone pairs of
ether oxygen atoms. The lone pairs are attracted to Li*, and the
HOMO energy level of glyme is lowered by complexation with
Li*. According to ab initio molecular orbital calculations, the
HOMO levels of neat G3 and G4 are —11.45 and —11.46 eV,
respectively, and these are lowered to —12.10 and —11.80 €V,
respectively, upon complexation with Li[TFSA]."*® The
lowering of the HOMO level results in the enhancement of
oxidative stability of the glyme molecules. In the molten
[Li(glyme)][TFSA] complex, almost all the glyme molecules
participate in the complexation and free %lyme scarcely exists in
the [Li(glyme)][TFSA] solvate ILs, ** resulting in the
suppression of oxidative decomposition of glyme. With the
use of the solvate IL of [Li(G3 or G4)][TESA] as an
electrolyte, a 4 V-class Li ion cell of Li/LiCoO, can be charged
and discharged stably for more than 200 cycles as shown in
Figure 13. Moreover, in the Li-glyme solvate ILs, the reversible
Li* intercalation into graphite becomes possible."**'*” There-
fore, we can construct Li-ion cells using the [Li(glyme)]-
[TFSA] electrolyte with a graphite negative-electrode and 4 V-
class positive-electrode.

As well as the [Li(glyme)][TFSA] for Li cells, the
corresponding complexes for the Na system, [Na(glyme)]-
[TFSA], can also be used as electrolytes for Na cells. The
physicochemical properties and battery applications of [Na-
(glyme)][TFSA] have been reported recently.**~"*

The ionic conductivities of [Li(G3)][TFSA] and [Li(G4)]-
[TESA] are relatively low (~107> S cm™) compared with those
of conventional organic electrolytes [e.g, ~107> S cm™ for 1
mol dm™ LiPFg dissolved in ethylene carbonate and diethyl
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Figure 13. Charge and discharge curves of the [Li metal anode |
[Li(G3)][TFSA] | LiCoO, cathode] cells measured with a current
density of 50 uA cm™ (1/8 C-rate) at 30 °C. Reprinted from ref 130.
Copyright 2011 American Chemical Society.

carbonate (1:1 in volume)].* Therefore, Li-ion cells with
[Li(glyme)][TFSA] electrolyte cannot be charged and dis-
charged at high current densities.”® The addition of another
solvent to the solvate ILs is a facile and effective way to lower
viscosity and enhance ionic conductivity. [Li(glyme)][TFSA] is
miscible with a wide variety of solvents. Ueno et al. reported
the physicochemical properties of mixtures of [Li(glyme)]-
[TFSA] and a hydrofluoroether (HFE) having the chemical
structure CE,H—CF,—O—CH,—CF,—CF,H."*"'** This HFE
is chemically stable and nonflammable.'* By the dilution of
[Li(glyme)][TFSA] with the HFE, the viscosity and ionic
conductivity are decreased and increased, respectively. In
[Li(glyme)][TFSA]/HFE mixtures, the HFE molecule hardly
participates in the solvation of Li* owing to the low electron-
pair donating ability. The complex [Li(glyme)]* structure is
maintained in the [Li(%{?rme)] [TFSA]/HFE solutions and free
glyme hardly exists."*>'** Hence, the oxidative stability of the
electrolyte does not change after the addition of HFE.
Furthermore, the graphite/LiCoO, cell can be stably operated
using a [Li(G3)][TFSA]/HFE electrolyte.'*

2.3.2. Solvent-in-Salt Electrolytes. As mentioned before,
the concentration of Li salt in the solvate ILs of [Li(glyme)]X
(X: amide-type anion) is as high as ca. 3 mol dm™. We can also
prepare highly concentrated electrolytes of over 3 mol dm™
using various solvents other than glymes.'*’~'°" In these highly
concentrated electrolytes, the Li* and solvent form a solvate
[Li(solvent),]* cation. The coordination number of Li* in
liquids is typically 4 or 5.* Therefore, in extremely concentrated
electrolytes with a molar ratio of solvent/Li salt less than the
coordination number of 4, all of the solvent molecules can be
assumed to be in the first solvation shell of Li*, and free
(uncoordinated) solvents thus scarcely exist in the solution.
This situation is very similar to that of solvate ILs of
[Li(glyme)]X. However, when a monodentate (e.g, tetrahy-
drofuran) or bidentate ligand (e.g,, 1,2-dimethoxyethane) is
used as the solvent, the lifetime of the solvent in the first
solvation shell of [Li(solvent),]* is much shorter than that of
[Li(G3 or G4)]* of the [Li(G3 or G4)]X solvate ILs."** This is
because the ligand exchange between the [Li(solvent),]*
cations (solvent: monodentate or bidentate ligand) occurs at
a high frequency, while the [Li(G3 or G4)]" has a relatively
long lifetime owing to the chelate effect. Therefore, the
extremely concentrated [Li(solvent),]X solutions cannot be
regarded as ILs. However, the extremely concentrated electro-
Iytes possess unique properties, some of them very similar to
those of solvate ILs, but different from those of common
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Figure 14. Electrochemical stability window of Li[TFSA]-H,O electrolytes on nonactive electrodes. Reprinted with permission from ref 163.
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electrolyte solutions with salt concentrations less than 2 mol
dm™."®> The extremely concentrated electrolytes are recently

155 160
7 7 electro-

termed “solvent-in-salt or “superconcentrated
lytes. With regard to the organic solvent-in-salt electrolytes for
Li batteries in a review article by Yamada et al., the advantages
of the electrolytes, such as the wide electrochemical windows,
suppression of volatility, suppression of Al corrosion, and highly
reversible reactions of Li metal and graphite electrodes were
well-highlighted.'**

Recently, the solvent-in-salt concept was extended to the

163-167
aqueous electrolytes (ie.

a revival of “hydrate
melts”)*>'*¢ for Li-ion cells. Figure 14 shows the electro-
chemical stability window of Li TFSA]—H,O system. Suo et al.
found that the electrochemical window of water is clearly
expanded with increasing Li[TFSA] concentration.'® A
solution of 21 mol/kg Li[TFSA]-H,O (molar ratio of
Li[TFSA]: H,0 = 1:2.64) possesses a 3 V window, much
wider than the thermodynamic limit for pure H,O (1.23 V).
The anodic limit expansion can be attributed to the decrease of
free water in solution (i.e., water that is not coordinated to Li*).
Suo et al. suggested that a decrease in the number of adsorbed
water molecules on the electrode surface and the exclusion of
water from the inner-Helmholtz layer at the electrode surface
enhances the oxidative stability of the electrolyte. The cathodic
limit expansion is attributed to the formation of a LiF-based
passivation layer, which is a decomposition product of the
[TFSA]™ anion. The layer passivates the electrode surface and
suppresses the further reductive decomposition of electrolyte
(water). A 2.3 V Li-ion cell using the water-in-salt electrolyte
could be operated stably for more than 1000 cycles. Further
research on water-in-salt electrolytes may open up the
development of high-voltage aqueous Li-ion cells.
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2.4. Li*-Conducting Polymer Electrolytes Containing lonic
Liquids
ILs can be gelated by mixing with polymers."®*”""" The
resultant gels, hereafter termed as “ion-gels”, can be used as
electrolytes for batteries. In ion-gels, ILs are confined in the
polymer matrix, and this is advantageous to avoid the leakage of
electrolytes and realize high safety of batteries. Ion-gels are
polymer electrolytes; however, they are clearly different from
conventional polymer electrolytes. In the case of Li*-
conducting conventional polymer electrolytes, Li salts are
dissolved in polymers such as poly(ethylene oxide) (PEO), and
the ionic conduction is coupled with the segmental motion of
the polymer chains.'”> Therefore, the ionic conductivities of
conventional 6polymer electrolytes (ie., “salt-in-polymer” type
electrolytes)'®® are as low as 107°—10™* S cm™! at room
temperature. On the other hand, in the case of ion gels, the
liquid state salts such as Li salt/organic ILs are mixed with
polymers and the ILs behave as both charge carriers and
plasticizers in the gels. By utilizing ILs, we can prepare
“polymer-in-salt”'*® type electrolytes having relatively high
ionic conductivity of ca. 107*=10" S cm™ at room
temperature. Applications of ion %els in Li batteries have
been reported by many groups.'”*~"*® For example, Passerini
and co-workers prepared ion gels consisting of PEO, Li[ TFSA],
and a room temperature IL (Figure 15) and demonstrated the
operation of Li/LiFePO, cell at 40 oc.!74

There are several methods to prepare ion gels such as hot-
pressing,'”* solvent casting,'”” and in situ polymerization.'”" To
confine the ILs in the polymer matrix, the polymer should be
compatible with the liquids. The polyethers (such as PEO),"”*
poly(methyl methacrylate) (PMMA),'”" and copolymer of
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP)
have been reported to be compatible with ILs.'”" It is known
that the PVDF-HFP has relatively good mechanical strength
due to the partially crystalline nature even if some plasticizer is
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Figure 15. P(EO),,Li[TFSA] + 80 wt % [Cympyr][TESA] (wt %
relative to PEQ) solid polymer electrolyte. Reprinted with permission
from ref 174. Copyright 2005 The Electrochemical Society.

included in the matrix.'"®” However, the mechanical properties

of PEO and PMMA are affected by the amount of plasticizer.
With increasing content of IL in an ion-gel, the ionic
conductivity is enhanced; however, the gel also becomes
mechanically weaker. To achieve both high ionic conductivity
and sufficient mechanical strength, the polymer cross-linking is
effective. For example, ion gels can be easily prepared by in situ
polymerization of MMA in an IL, and the PMMA matrix can be
cross-linked using ethylene glycol dimethacrylate (EGDMA) as
a cross-linker.'”" Another way is the use of physical cross-
linking. An ion-gel consisting of the block copolymer of
P(MMA-b-St) (St: styrene) and an IL possesses a microphase
separated structure because the PSt block is incompatible with
the IL, and the PSt blocks aggregate in the gel and act as
physical cross-linking points.'®* The addition of a ceramic filler
such as y-LiAlO, to the polymer matrix may also be effective in
enhancing the mechanical strength of the ion gel.'*'”°

3. LITHIUM—SULFUR (LI-S) BATTERY ELECTROLYTES

3.1. Li—S Batteries

Elemental sulfur has an extremely high theoretical capacity of
1672 mA h g_l, which is an order of magnitude higher than
capacities of transition metal-based cathode materials in
lithium-ion batteries. When combined with a lithium metal
anode, the specific energy of the Li—S cell is projected to be
400—600 Wh kg™ and is approximately three times higher than
that of state-of-the-art lithium-ion batteries.'”" Therefore,
elemental sulfur has attracted much attention as a cathode
material that has the potential to meet the demand for efficient,
clean, and high density electric energy storage and conversion
in the contemporary world. Furthermore, sulfur is naturally
abundant, environmentally benign, and thereby the Li—S
battery is expected to be a promising future energy storage
for achieving a sustainable society.

Typical Li—S batteries consist of sulfur/carbon composites as
the positive electrode, lithium metal as the negative electrode,
and a Li-ion conducting electrolyte, commonly an ether-based
organic electrolyte (Figure 16)."”* The overall reaction in a Li—
S cell can be simply written as Sg + 16Li — 8Li,S, where octa-
cyclo sulfur (Sg) is converted to Li,S upon discharge, and
average cell voltage is about ~2.1 V based on the above
reaction. However, the conversion reaction involves a multistep
reduction process, forming lithium polysulfide intermediates
(Li,S,, generally m = 2—8), and the polysulfide anions are
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known to undergo disproportionation reactions between Sg and
Li,S,, (eg 2S,° — S, + (m-n)S¢/8, 28, — S...>7 +
Smn» and S,°~ = 28, ,*7)."”? As shown in Figure 16b, there
are two voltage plateaus of approximately 2.4 and 2.0 V in the
discharge curves. The first discharge plateau region at ~2.4 V is
assigned to the reduction of Sg via a 4-electron process: Sg +
4Li" + 4e” — 2Li,S,. The second plateau at ~2.0 V provides a
large part of the discharge capacity and is assigned to the
further reduction of longer polysulfides to yield shorter sulfides
such as Li,S. In the charge curves, Li,S is oxidized to longer
polysulfides at ~2.3 V, and the subsequent potential rise at the
end of the charge plateau corresponds to the oxidation of
longer polysulfides (solution) to Sg (solid).

Since the Li—S battery concept was first proposed in 1962,
much effort has been devoted to both understanding the
complicated chemistry of the sulfur redox reactions and
developing battery component materials to improve the
charge—discharge performance (including carbon current
collector as host of sulfur, electrolyte, and binder).'”>~""’
However, the reported charge—discharge performance of Li—S
batteries has yet to satisfy requirements for their practical
application although some companies have developed proto-
type Li—S cells. Major obstacles facing Li—S batteries are the
inherent insulating property of the active species and
dissolution of high-order lithium polysulfides (Li,S,, generally
m = 4—8) into the electrolyte. These act to diminish the
electrochemical contact of the active species to the conductive
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host during charge—discharge cycles, leading to low utilization
of the active material (i.e., low discharge capacity) and sluggish
electrochemical reactions. The latter dissolution also causes a
rapid capacity fade (i.e., short cycle life) and low Coulombic
efficiency, whereby the dissolved Li,S,, undergoes unfavorable
side reactions, namely repeated shuttling of polysulfides
through reduction at the lithium metal anode and reoxidation
at the sulfur cathode (so-called, redox shuttle mechanism). The
shorter reduction products, Li,S, and Li,S, are believed to be
insoluble in organic electrolytes. If these shorter Li,S,
precipitate elsewhere in the cell (i.e, not in contact with the
carbon current collector), they then also become electrochemi-
cally inactive and the capacity fades. Therefore, developing
electrolyte solutions that control the solubility of Li,S,, and Sq
has been the one of the subjects of intense research on Li—S
batteries.

In a typical Li—S cell, an organic electrolyte solution
composed of 1 mol dm™ Li[TFSA] in a binary mixture of
1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL) at 1:1
by volume is used as a standard electrolyte."” Instead of the
highly volatile DME and DOL, longer oligoether solvents such
as G3 and G4 were also used as solvents. Dissolution of high-
order Li,S,, is not impeded in these organic electrolytes, and
the redox reactions of the positive electrode take place through
solution-mediated dissolution/precipitation processes (from
solid Sg to dissolved high-order Li,S,, and then to solid low-
order Li,S,,). Hence, the Li,S,, solubilizing electrolyte functions
as a liquid catholyte in the Li—S cells (Figure 17 left)."”” The

Figure 17. Concept of two different strategies of electrolytes for Li—S
batteries. (Left) Li—S cell separated by a typical organic electrolyte, for
example, 1 mol dm™ Li[TFSA] in a binary mixture DME and DOL.
(Right) Li—S cell separated by a Li,S,, sparingly soluble electrolyte; for
example, consisting of an IL [Cympyr][TFSA] as the solvent. The
region of solubilized Li,S,, in the electrolyte was indicated as orange.
Reprinted with permission from ref 199. Copyright 2016 Royal Society
of Chemistry.

solvated Li,S,, can easily access the carbon current collector, so
that the sulfur active materials are effectively utilized, leading to
high capacity. Their faster mass transport and higher ionic
conduction allow higher-rate charge—discharge of the cell. The
solution-mediated dissolution/precipitation redox reaction,
without the large volume changes observed for the solid-
phase process, can mitigate the breakdown of the electrical
contact within the composite cathode. An effective passivation
layer is further required on the Li metal anode to inhibit the
direct reduction of soluble S,> at the Li metal (ie., redox
shuttling). LINO; has been commonly used as additive or cosalt
to form an effective protective layer by sacrificial decomposition
of the nitrate anion on the Li metal surface.”’® However, such
additives are consumed during repeated charge—discharge
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cycles, which is problematic for realizing a long-life cell.
Moreover, a Li—S cell with a Li,S,, dissolving electrolyte
requires a larger solvent content for effective charge—discharge
with high utilization, which would result in a lowering of the
specific energy density of the package cell due to the increased
weight of the solvent.”"

To realize high energy density Li—S cells, an alternative
strategy aiming at low solubility of all the active species in the
electrolyte has also been proposed (Figure 17 right)."””
Without dissolution of Li,S,, the redox reactions of the
positive electrode can occur as solid-to-solid reactions, and so
in this type of electrolyte, the parasitic redox shuttle is no
matter of concern. However, the solid-state redox reaction may
lead to slower electrochemical kinetics. Polymer and inorganic
solid electrolytes can physically (or kinetically) block the
dissolution of Li,S,,, but they suffer from slower Li* conduction
and difficulty in forming good electrolyte/electrode interfaces.
For liquid electrolytes, a solvent that only sparingly dissolves
the active species (Sg and Li,S,) but sufficiently dissolves
supporting Li salt is required. This is a somewhat demanding
requirement because the hydrophobic Sg is soluble only in
nonpolar solvents, whereas Li,S,, and the supporting Li salt are
highly soluble in polar solvents. Recent studies have shown that
ILs can play an important role as electrolyte in addressing the
requirement of the latter strategy following the first report by
Yang et al,, who first used an IL, [C,mpip][TFSA], containin
1 mol dm ™ Li[ TESA] as the electrolyte for the Li—S battery.*’
Certain neat IL-based liquid electrolytes were found to show
very low solubility of all the redox-active species (Sg and
Li,S,,).”> These results are associated with the unique
solvation properties for solutes in ILs, which can differ from
molecular solvents as already revealed by fundamental studies
on solute—solvent interaction in ILs. The Li,S, dissolution can
also be suppressed by highly concentrated electrolytes having
similar jonic concentration to ILs, such as Li-glyme solvate
ILs,"** or so-called “solvent-in-salt” electrolytes.'”> More
recently, hybrid liquid electrolytes that contain organic solvents
and ILs have been proposed to control the solubility of the
active sulfur materials more precisely in electrolyte as well as to
improve upon the lower ionic conductivity of highly viscous IL-
based electrolytes.””*

In the recent review papers on electrolytes for Li—S batteries,
the detailed experimental battery test data using IL-based
electrolytes have already been summarized and compared to
those using organic electrolytes.””**> However, it is not easy to
compare the battery data (capacity, efficiency, and cycle ability)
from different reports using IL-based electrolytes because the
battery performance is governed by many factors such as
temperature, current collector, carbon materials, amount of
electrolyte in the cell, sulfur loading in the cathode, and
charge—discharge current density. Therefore, in this section, we
will provide an overview on the effects of ILs on Li—S battery
chemistry, especially for chemical stability of ions in the Li—S
cell, the solubility of Li,S,, and their correlations with the
battery performance.

3.2. Stability of lons in the Presence of Li,S,,

When ILs are considered as alternative electrolytes, one may be
first interested in the stability of the constituent ions in the Li—
S cell. Indeed, relatively high nucleophilicity of S,,>~ anions has
a potential to cause side reaction with electrolyte components.
Abrufia et al. reported that carbonate solvents commonly used
in lithium-ion batteries such as ethylenecarbonate and
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diethylcarbonate decomposed in Li—S batteries by the
nucleophilic attack of S,,>~ to produce thioether and sulfonium
functionalities.”’® This is one of the reasons that ether-based
DME/DOL organic electrolytes have replaced the common
carbonate-based electrolyte for Li—S cells. Because the number
of studies on the stability of ILs in the presence of Li,S,, has
been rather limited, the stability of ions studied in organic
electrolytes are also reviewed here.

BF,” is a weakly coordinating anion and has often been
chosen to yield room temperature ILs. However, Park et al. in
the Watanabe group reported that the irreversible decom-
position of BF,” in [DEME]BF, occurs in the presence of
S>> Nucleophilic attack to the borate center of BF,~
generates byproducts such as LiF and adducts of BF; and
S..>~ such as [BF4(LiS,,)]™, [BF,(LiS,,),], and [(BF;),(S,.)]*"
as suggested by ''B and '"F NMR spectra of the polysulfide
solution in the electrolyte. The inherently high ionic strength in
the IL electrolytes would allow the side reactions between the
otherwise mutually repulsive negatively charged BF,” and S,,>".
The decomposition of BF,” in the presence of Li,S,, was also
reported in an organic electrolyte'”® and a solvate IL
[Li(G4)]BE,.**®

Zhang suggested that PF¢~ undergoes a similar side reaction
with Li,S,, in ether-based organic electrolytes.'”® This side
reaction was not apparent in Li—S cells using 0.5 mol kg_1
LiPFs in [DEME][TFSA] IL-based electrolyte in Park’s
work.””” Probably, the decomposition of PF¢~ was mitigated
in the IL-based electrolyte where the solubility of Li,S,, was
greatly suppressed.

[FSA]-based ILs offer high ionic conductivity compared to
other ILs having related fluorinated sulfonylamide anions such
as [TFSA]™ and [BETA]™. However, Watanabe et al.**” and
Aurbach et al.”” observed poor charge—discharge performance
for Li—S cells with [FSA]-based IL electrolyte due to the
decomposition of [FSA]™ through the nucleophilic attack of
S, at the —SO,F group. XRD spectra of the cathode after
charge—discharge cycles indicated that solid byproducts
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including Li,SO, and Li,S were formed, and the surface-
insulating layer drastically increased the charge-transfer
resistance during charge—discharge. However, these side
reactions can be prevented by combining [FSA]™ based
electrolytes with well-designed sulfur/carbon composite
cathodes. Aurbach et al** and Ishikawa et al*'® observed
stable charge—discharge cycling for Li—S cells even in IL-based
electrolytes with [FSA]™, using microporous activated carbon
having a pore size of less than 2 nm as the carbon host for
sulfur. It appears that small micropores that confine sulfur at
the molecular level can protect against diffusion of solvents or
the anion of the electrolyte to inside the pores. Although a
number of other anions and cations have been employed as IL-
based electrolytes or components of supporting Li salts for Li—
S batteries, other than the aforementioned cases (BF, and PFy),
chemical stability of the ions to nucleophilic attack by S,>~ has
not been reported.

3.3. Stability of lons and Protective Film Formation on
Lithium Metal Anode

Stability of electrolyte components toward the lithium metal
anode is also an important factor for designing the electrolyte
solution for Li—S batteries. A common homologous series of IL
cations, 1-alkyl-3-methyl imidazolium ([C,mim]*), is known to
be unstable in contact with the lithium metal anode because the
hydrogen atom at the C2-position of the imidazolium cation is
readily reduced around 1.0 V versus Li/Li*.°" Wan et al.
compared the battery performance of Li—S cells using 1 mol
dm™ Li[TFSA] in [Cymim][TFSA] and in [Cympyr]-
[TFSA].>"" The capacity of the cell with [Cymim][TFSA]
decreased rapidly down to 70 mAhg™" after 50 cycles, whereas
the cell with [C;mpyr][TFSA] showed stable charge—discharge
cycles with a higher capacity (450 mAhg™" after SO cycles).
Although the fast capacity fade for the cell with [Cymim]-
[TFSA] was interpreted as higher solubility of Li,S,, in this IL,
it may also be attributed to the reductive decomposition of
[C;mim]* at the lithium metal anode. Watanabe and co-
workers examined [C,dmim][TFSA] where the proton at the
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C2-position of the imidazolium is replaced by a methyl group
as electrolyte for the Li—S battery and found that [C,dmim]* is
stable in the Li—S cell operation.””” Park et al. observed the
opposite behavior in their study on the cationic effect on cycle
life performance in Li—S cells using DME/DOL electrolytes
containing ILs as supporting salt.”'* Li—S cells with [C,mim]-
[TFSA] or [C,mim][TFSA] showed much larger capacities
and longer cycle life performance compared to the cell with
[Cydmim][TFSA]. They claimed that this phenomenon is due
mainly to the deactivation of the carbon cathode caused by a
coating of insulating and insoluble materials, which might result
from side reactions between [Cydmim]* and Li,S,, However,
further characterization of the cycled carbon cathode was not
performed in their early paper.

The reductive decomposition of certain ions or solvents has
often been exploited to form a good solid electrolyte interphase
(SEI), which not only inhibits the direct reaction of dissolved
Li,S,, with the lithium metal anode and resultant parasitic
shuttle effect but also mitigates dendritic growth of lithium
metal during the Li plating reaction (charging). In Li—S battery
chemistry, LINOj; is predominantly used as a sacrificial additive
to form an effective protective layer on the lithium metal anode.
NO;™ is reduced at lithium metal anode to form LiNO,*"
However, Zhang pointed out that NO;™ is also reduced at the
carbon host of the positive electrolyte at 1.5 V versus Li/Li,
which adversely affected the battery performance, and thus the
cutoff voltage should be higher than 1.5 V.**° Despite the fact
that LiINO; was supposed to be an effective additive,
considerable decomposition of NO;~ during the discharge
process and rapid failure of Li—S cells were also observed in a
[Li(G3)]NO; electrolyte containing only NO;~ as the anionic
species.208

Hollenkamp et al. studied the effect of a LiINO; additive on
the protective film on the lithium metal anode in an IL-based
electrolyte, namely a 1 mol kg™' Li[TFSA] in [C,mpyr]-
[TESA]/G4 mixture.”** Although LiNO, improved the battery
performance (better capacity retention and higher Coulombic
efficiency of above 99% over 100 cycles) with the IL-based
electrolyte when compared to that with LINOj-free electrolyte,
it was not as effective as in typical DME/DOL organic
electrolytes. XPS data on the protective film suggested that the
decomposition products of [C,mpyr][TFSA] such as CF;,
SO,CF;, —N*, and —N~ also participated in forming the
protective layer (Figure 18). This observation is consistent with
Matic et al, who analyzed the SEI film on a lithium electrode
cycled in 0.4 mol kg™! Li[TFSA] in [C,mpyr][TFSA] without
the LINO, additive.”"> A stable SEI film was formed in the IL-
based electrolytes, and the film mainly consists of the
decomposition fragments of [TFSA]™. Matic et al. also
compared the resistance for lithium ion transfer across the
SEI film (Rgg) formed in the IL-based electrolyte in the
presence/absence of Li,S, and found that Rgg for the cell
cycled with Li,S,, was higher. This was because the chemical
composition of the SEI film contained more sulfide-related
species in the top layer in the presence of Li,S,,. These works
suggest that [TFSA]™ originating from both the Li salt and IL
solvents partially decomposed at the lithium metal anode, and
the decomposition byproducts serve as a good protective layer
for the lithium negative electrode of Li—S batteries.

The stability and the film forming ability of [TFSA]~
derivatives on the lithium metal anode were also investigated.
In the report by Zhang et al,”'® Li—S$ cells containing 3 mol
dm™ Li[FSA] in DME/DOL exhibited rapid capacity decay
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and failed after only about 30 cycles, whereas Li—S cell
containing 3 mol dm™ Li[TFSA] in DME/DOL delivered
relatively stable cycling with good capacity retention even after
200 cycles. Poor cycle ability of the Li—S cells containing
Li[FSA] was rationalized by the rapid growth of a passivation
layer made up of insulating LiSO, on the metallic lithium
anode. DFT calculation suggested that the N—S bond strength
in the [FSA]™ (192.7 kJ mol™!) is much weaker than that in
[TESA]™ (581 kJ mol™), and the scission of this bond in
[FSA]™ is responsible for the formation of insulating LiSO, in
the presence of Li,S,. Gao et al. examined a Li[FSA]—
Li[TFSA] (total concentration of 1.5 mol dm™) binary-salt
electrolyte in DME/DOL as a low-viscosity and highly
conductive electrolyte for the Li—S battery.”’” Compared to
Li—S cells with either Li[FSA] or Li[TFSA], the Li—S cell
using the binary-salt electrolyte showed a high capacity and
stable cycle performance accompanied by smooth lithium
deposition on the lithium anode. Very recently, an asymmetric
fluorinated sulfonylamide lithium salt, Li[(CF;SO,)(n-
C,F,SO,)N], (Li[TNFSA]) in DME/DOL was reported to
form a more stable SEI film on lithium metal anode than those
formed in the Li[TFSA]-based electrolyte.”'® The Li—S cell
with Lif TNFSA] salt exhibited a more stable cycle performance
than that with Li[ TFSA] salt. The binary salt or the asymmetric
sulfonylamide anion likely give rise to a synergistic effect on the
formation of a suitable SEI on the lithium metal anode.

Chen et al. tested lithium difluoro(oxalate)borate (Li-
[DFOB]), for which the anion incorporates structural features
of both Li[BOB] (lithium bis(oxalate)borate) and LiBF,, as a
supporting lithium salt in IL-based electrolytes for Li—S
battery.”'” Undesired charge—discharge performance of the
cell with Li[DFOB] salt was explained as a result of
continuously reductive decomposition of Li{DFOB] in the
electrolyte during discharge process. The resulting byproducts
were deposited as an excessive passivation film on the electrode
surface, which increased charge transfer resistance of the cell.
Chen et al. also examined Li{DFOB]/Li[TFSA] binary lithium
salts, and the Li—S cell showed superior battery performance
compared to those using either of the component lithium salts.
In the electrolyte with the binary mixture of lithium salts,
formation of a compact and uniform film was confirmed as the
smooth surface morphology on the cycled lithium anode
surface. The parent Li[BOB] was also tested as an additive in
an organic electrolyte solution by Xiong et al. and contributed
to formation of a smooth morphology on the lithium surface in
Li—S batteries.””’ As another lithium salt additive, LiClO, is
also effective in forming a suitable protective layer on lithium
metal anode.””!

Many ions in IL solvents and Li salts, predominantly the
anion, have been found to decompose when in contact with
lithium metal anode in Li—S cells, and their decomposition
products participate in the SEI formation. It seems that either
positive or negative effects on the battery performance occur,
depending on the composition and thickness of the film in
relation to Li* conductivity, which vary according to the
electrolyte species (or their combination) and Li salt
concentration. For further understanding of this complicated
surface chemistry of the SEI formation in the presence of Li,S,,
and its correlation with Li—S battery performance, systematic
studies using a series of ions and concentrations should be
carried out under the same experimental conditions.
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Figure 19. Saturation concentrations of Sg and mixtures of Sg and LiS, (Li,S,,), represented in units of total atomic—S concentration (a) in
pyrrolidinium ILs with different anions in the absence and presence of 0.5 mol kg™ Li[TFSA] (on semilogarithmic scale), and (b) in [TFSA]-based
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American Chemical Society.

3.4. Solubility of Li,S,, and Sg in lonic Liquids

Ai et al. reported a greatly improved discharge ability and cycle
ability of Li—S cells with 1 mol dm™ Li[TEFSA] in
[PP14][TFSA], and they interpreted that the improved
performance was due to the suppression of polysulfide
dissolution into electrolyte.””> Wang et al. also suggested the
reduced dissolution of Li,S,, into 1 mol dm™ in [C,mim]-
[TFSA] for their Li—S cell tests by comparing the battery
performances between the IL-based electrolyte and ether-based
organic electrolyte.””” Although the above studies did not
reveal any solubility data for Li,S,, the saturated solubility of
Li,S,, in an IL-based electrolyte, 0.64 mol dm™ Li[TFSA] in
[DEME][TFSA], has been determined by electrochemical
titration of Li,S, followed by quantification using UV—vis
spectroscopy of Sg that was converted from the dissolved
Li,S,.””> The solubility of a series of polysulfides, with the
nominal formulas Li,Sg, Li,S,, and Li,S, was higher for higher-
order Li,S,, and the solubility of Li,Sg was 7 mmol dm™
(atomic S basis), which is 3 orders of magnitude lower than
that in an organic electrolyte, 0.98 mol dm ™ Li[TFSA] in G4.
It was claimed that the significant difference in the solubility
between these two electrolytes is attributed to the difference in
the solvent affinity for Li* and Li,S,. This was based on the
hypothesis that the dissolution of ionic Li,S,, takes place
through the solvation of Li* with the electrolyte molecules (i.e.,
[TFSA]™ or G4). The Gutmann’s donor number (DN) for
[DEME][TFSA] was estimated to be ca. 10 kcal mol™’,
whereas the DN for G4 was reported to be 16.6 kcal mol ™.
Thus, Li,S,, was expected to have lower solubility in the IL.
Park et al. also showed that the Li,S, solubility further
decreased in this IL in the presence of Li{ TFSA] because some
[TEFSA]™ anions in the IL were used to form a Li[TFSA],”
complex anion.””’

The dependence of Li salt concentration on the solubility of
Li,S,, was also studied in organic electrolytes. Oh et al.”** and
Hu et al."> reported that the dissolution of Li,S,, was greatly
suppressed in extremely concentrated electrolytes containing Li
in DME/DOL. Oh et al. simply explained the lower solubility
of Li,S,, in the concentrated electrolyte in terms of the
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common jon effect. On the basis of dissociation equilibrium in
the electrolyte, Li,S,, 2 2Li* + S, the solubility product
constant (K,) of Li,S,, is given as K, = [Li*]*[S,,"]. Hence,
the dissolution of Li,S,, can be mitigated when the electrolyte
has a high concentration of the supporting Li salt. The nearly
saturated electrolyte of Li{[TFSA] (~7 mol dm™) in DME/
DOL, termed a “solvent-in-salt” electrolyte by Hu et al., showed
reversible plating/dissolution reaction of lithium metal anode as
well as almost no solubility of Li,S,. An initial capacity
exceeded 1000 mAh g~', with nearly 100% efficiency achieved
for the Li—S cell using the “solvent-in-salt” electrolyte.

Interestingly, [TFSA]-based ILs or concentrated electrolytes
with Li[TFSA] dominate most studies of the Li,S,,-sparingly-
soluble electrolytes for Li—S batteries (as depicted in Figure 17
right), even though many other ions and Li salts are available.
Lower melting point, higher conductivity, and compatibility
with the lithium metal anode of [TFSA]-based electrolytes are
probably the principal reason for selecting this anionic species.
However, the weak coordinating property is also another key
factor for choosing [TFSA]™ to inhibit the dissolution of Li,S,,
into the electrolytes.

The superiority of [TFSA]-based electrolytes with respect to
the solubility of Li,S,, was highlighted by a systematic study of
the ionic effect on the Li,S,, solubility and the Li—S battery
performance in IL-based electrolytes. The saturated solubility of
Li,S,, in various ILs with different anionic and cationic species
was determined in the same way as their previous investigation
(Figure 19).27 Among pyrrolidinium ILs ([Cympyr][TfO],
[Compyr][TESA], [Cympyr][ESAJ, and [Cympyr][BETAI)
[C4mpyr][TfO] showed significantly higher solubility of Li,S,,
exceeding 2500 mM (atomic S basis) for all compositions of
Li,S,,, which is nearly 2 orders of magnitude higher than the
solubility in other ILs. The strong donor ability of [C,mpyr]-
[TfO], estimated as DN ~ 20 kcal mol™}, was the cause of the
higher solubility than the other ILs with fluorinated
sulfonylamide anions (DN ~ 10 kcal mol™ or even less).
The difference in the solubility of Li,S,, in the other ILs was
small. These results indicate that IL-based electrolytes do not
necessarily suppress the dissolution of Li,S,, into the electro-
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Figure 20. (a) Discharge capacity of batteries assembled with different electrolytes. Ell, DME/DOL (1:1, v/v) containing 1 mol kg™"' Li[ TFSA] and
0.1 mol kg™' LiNO;. EI2-EIS: pyrrolidinium IL/G4 mixture electrolytes (1:1, v/v) containing 1 mol kg™' Li[TFSA] and 0.1 mol kg™"' LiNO;; EI2,
[C4mpyr][TFSA]; El3, [C,mpyr][FAP]; El4, [C,mpyr][OTf]; EIS, [C,mpyr][C(CN),] and (b) their Coulombic efficiency. Reprinted with

permission from ref 226. Copyright 2015 Elsevier.

Iyte, and ILs with weakly coordinating fluorinated sulfonyla-
mide anions result in low solubility of Li,S,,. Moreover, Park in
the Watanabe group further investigated the effect of
counteranions of Li salts on the solubility of Li,S,, in
[DEME][TFSA] containing 0.5 mol kg™ Li salt: the solubility
was higher in the order [TFSA] > [BETA] > PF,, which is
consistent with the donor ability of the anions in the reported
literature. In terms of higher conductivity and low solubility of
Li,S,,, 0.5 mol kg™" Li[TFSA] in [C3mpyr][TFSA] showed the
best battery performance with stable cycle ability under the
same charge—discharge conditions in Park’s study: an initial
capacity of ca. 800 mAh g™' and Coulombic efficiency of
~98%.”"

Anionic dependency of the solubility of Li,S,, in Li salt-glyme
1:1 molar molten complexes (solvate ILs: [Li(G3)]X or
[Li(G4)]X, see also section 2.3.1) was also studied.””® Similar
to aprotic ILs, [Li(G3)][TfO] and [Li(G3)]NO;, having
strongly Lewis basic anions, dissolved a large amount of Li,S,,
similar to that in an organic electrolyte (0.98 mol dm™
Li[TFSA] in G4). In these molten complexes, the solvate
cation [Li(G3)]* was unstable with regard to ligand exchange,
and there are uncoordinated glyme solvents to some extent as
indicated by Raman spectroscopic analysis and diffusivity
measurements of the glyme and Li*; thus these molten
complexes were deemed as poor solvate ILs or concentrated
solutions."*” They suggested that the high solubility of Li,S,,
was primarily due to the presence of uncoordinated glymes that
enable the solvation of Li,S,. The strongly Lewis basic NO;~
and [TfO]™ can also contribute to the solvation of Li,S,, in a
similar way as for aprotic ILs, leading to the high solubility of
Li,S,,. In contrast, uncoordinated glymes were found to hardly
exist in the molten complexes [Li(G3)][TFSA], [Li(G4)]-
[TESA], and [Li(G4)][BETI], which thus are considered good
solvate ILs. In addition to the weakly coordinating properties of
[TFSA]™ and [BETA]", lack of free glyme solvents that are
capable of solvating Li,S,, likely account for the lower solubility
of Li,S,, in these good solvate ILs. Among the solvate IL
electrolytes, the Li—S cell with [Li(G4)][TFSA] delivered the
best initial discharge capacity of ca. 1100 mAh g~' with high
Coulombic efficiency (>97%).”*°

With consideration of the Li salt concentration in the Li salt-
glyme 1:1 molten complexes, [Li(G3)][TfO] (3.90 mol dm™)
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and [Li(G3)]NO; (4.77 mol dm™) had higher salt
concentration than [Li(G3)][TFSA] (3.06 mol dm™), [Li-
(G4)][TFSA] (2.75 mol dm™) and [Li(G4)][BETI] (2.39
mol dm~).%® This implies that Li salt concentration is not
always a determining factor for the solubility of Li,S,,. Instead,
activity of Li* (based strictly on common ion effects) and
uncoordinated solvent dominate the solubility of Li,S,,. High
activity of Li* and low activity of uncoordinated solvents can be
realized with highly dissociable and weakly coordinating anions
such as [TFSA]~. Therefore, this can be another incentive for
selecting [TFSA]-based ILs or concentrated electrolyte with
LiTFSA as the Li,S, sparingly soluble electrolyte for Li—S
batteries.

Hollenkamp et al. investigated the effect of anions in
pyrrolidinium IL/G4 mixture electrolytes on Li—S battery
performance (Figure 20).”*° They compared the solubility of
Li,S,, and the resulting capacity and efficiency of Li—S cells
assembled with electrolytes containing [C,mpyr][FAP],
[C4mpyr][TfO], [C4mpyr][C(CN),], and [C,mpyr][TESA].
They observed higher solubility of Li,S,, in the electrolytes
containing Lewis basic [TfO]™ and [C(CN);]~ than in the
electrolytes containing weakly coordinating [TFSA]™ and
[FAP]™. These results validated the Watanabe group’s work
that solubility of Li,S,, is strongly correlated with the donor
ability of anions and not all ILs decrease the solubility of Li,S,,.
As shown in Figure 20, the low solubility of Li,S,, resulted in
high Coulombic efficiency of Li—S cells with electrolytes
containing [C,mpyr][FAP] and [C,mpyr][TFSA] due to
suppression of parasitic redox shuttle reactions, whereas the
higher solubility of Li,S,, caused rapid capacity decay and low
efficiency for Li—S$ cells with electrolytes containing [C,mpyr]-
[TfO] and [Cympyr][C(CN);]. The low capacity and capacity
fading in Li—S cells with electrolytes containing [C,mpyr]-
[FAP] was attributed to low conductivity, probably arising from
the high viscosity of [C,mpyr][FAP]. [C,mpyr][TFSA] with
higher ionic conductivity and lower solubility of Li,S,, showed
the best performance for Li—S batteries in this study.

In addition to studies on the anionic dependency of Li,S,,
solubility, cationic dependency of the Li,S, solubility in
[TFSA]-based ILs has also been determined for six different
cations, including pyrrolidinium, ammonium, piperidinium,
imidazolium, and phosphonium types (Figure 19).”°” The
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difference in Li,S,, solubility was much smaller than was
observed when varying the anions. The ILs with larger cations
are prone to exhibit lower solubility for Li,Sg: [Cympyr] >
[C,mpyr] > [DEME] > [Cympip] > [C4dmim] > [P2225]. The
solubility of Li,S,, in Li salt glyme solvate ILs containing
[TFSA]™ was comparable to that for aprotic ILs in the absence
of supporting Li salt, which were less than 100 mmol dm™
(atomic S basis).

Nonionic Sg is generally less soluble than higher-order Li,S,,
in electrolytes. The saturation concentration of Sg was
comparable among various pyrrolidinium ILs and less than
32 mmol dm™ (atomic S basis).””” On the other hand,
Hardacre et al. reported a significantly higher solubility of Sg in
[C,mim][DCA] than in [C,mim][TFSA] and [C,mim]-
[TfO].**” Eatle et al. observed color changes from transparent
to blue or carmine red in ILs having carboxylates and
phosphates depending on the concentration of Sg.*** This
indicated the occurrence of a ring-opening reaction of Sg with
the anions to yield polysulfide anions and anion radicals.
Although the basicity of [TfO]™ appears to be insufficient to
react with Sg, ILs having highly basic anions such as
carboxylates and phosphates can dissolve Sg in the form of
polysulfides. As a result, the solubility of Sy and high-order
polysulfides was predominantly dictated by the donor ability of
the ILs.

3.5. lonic Liquids-Organic Solvent Mixtures

IL-based electrolytes, despite mitigating the serious dissolution
of Li,S,, suffer from low ionic conductivity and slower mass
transport. For this reason, high capacity in charge—discharge of
Li—S cells can only be achieved at a slow rate with limited
current density; high-rate charge—discharge results in a large
polarization of the cell and low capacity. Mixing the IL with a
low viscosity molecular solvent is a reasonable approach to
improve the conductivity and mass transport of IL-based
electrolytes. In addition, ILs appear to play several important
roles in Li—S batteries with IL-molecular solvent mixture
electrolytes.

When ILs are present as only a minor part of the electrolyte,
the ILs are expected to serve as a supporting salt for enhancing
the ionic conductivity of an organic electrolyte. A greater
discharge capacity and more stable cycle performance over 100
cycles is reported in the presence of 5—10 vol % of
imidazolium-based ILs in DOL/DME electrolyte due to
improved conductivity.”'” Zhang claimed that organic cations
of ILs in the mixed electrolytes can stabilize the polysulfide in
the electrolyte according to the hard and soft acids and bases
(HSAB) theory. High-order S,,*~ can be more stabilized in the
electrolyte solution when combined with soft counter
cations.””” This stabilization of S,,> in the electrolyte solutions
is likely important for a Li—S cell with the Li,S,, highly soluble
electrolytes (Figure 17 left) because it can mitigate the
disproportionation to form lower-order precipitates, namely
Li,S, and Li,S. Cairns et al. employed a cetyltrimethylammo-
nium bromide (CTAB)-modified sulfur-graphene oxide nano-
composite as the cathode and the mixture of [C,mpyr][TFSA]
and DME/DOL (2:1:1 in volume) containing 0.5 mol dm™
LiNO; and 1 mol dm™ Li[TFSA] as the electrol)r‘ce.23'0 CTAB
layer stabilized the sulfur active species within the cathode,
whereas [C,mpyr][TFSA] in the electrolyte inhibited the
dissolution of Li,S,, into the electrolyte. The Li—S cell achieved
significantly improved rate capability (at 6C and 3C for
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discharge and charge, respectively) and a long cycle life
exceeding 1500 cycles.

Addition of a large amount of ether-based molecular solvents
into [TFSA]-based ILs can improve the conductivity and Li*
transport property but simultaneously increases the solubility of
Li,S,,. Cairns et al. studied the effect of PEGDME content in a
mixture of [C,mpyr][TFSA] and PEGDME containing 0.5 mol
dm™ Li[TFSA] on the Li—S battery performance.””’ Higher
capacity and more stable charge—discharge cycles were
demonstrated in the mixed electrolyte containing a 2:1 volume
excess of PEGDME. Xiao et al. also explored the effect of IL in
the mixed electrolyte of [C,mpyr][TFSA] and DME/DOL on
the Li—S battery performance (Figure 21). A stable SEI film
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Figure 21. Cycling performance of Li—S cells with electrolyte of 1 mol
dm™ Li[TFSA] in DME/DOL + [C,mpyr][TFSA] at 0.1 C.
Reprinted with permission from ref 232. Copyright 2013 Royal
Society of Chemistry.

was formed on the lithium anode in the electrolyte containing
75% IL, and it effectively mitigates the shuttle mechanism,
leading to stable cycling and high Coulombic efficiency.”*”
Byon et al. showed a trade-off between solubility and diftusion
rate of Li,S, in the mixtures of low-viscous DME and
[PP13][TFSA] in their recent work.”>> An optimized
composition ratio of DME/[PP13][TFSA] (1/2 volume
ratio) allowed large capacity (~1000 mAh g™' at 0.2 C on
the first cycle) and good capacity retention (~90% capacity
retention after S0 cycles). In a recent development by Xia et al,,
the electrolyte composed of a ternary mixture, [PP13][TFSA]/
DME/DOL (2/1/1, v/v), containing 1 mol dm™ Li[TFSA]
and 0.2 mol dm ™ LiNO, achieved high capacity of 1200 mAh
g " and zero self-discharge upon resting a full-charged cell for 2
days."” This promising Li—S battery with low self-discharge
rates relies on both improvements in control of polysulfide
diffusion by addition of the IL and stabilization of lithium metal
anode by LiNO; and the IL additives.

Mixing an IL and molecular solvents was also useful for
enhancing conductivity of the Li,S,, sparingly soluble electro-
Iyte for Li—S batteries (Figure 17 right). To this end, the
additional molecular solvent should exhibit low solubility of
Li,S,, and Sg and stability with respect to the lithium metal
anode. The solvate IL [Li(G4)][TFSA] blended with a low-
polarity, nonflammable hydrofluoroether, 1,1,2,2—tetrafluor-
oethyl 2,2,3,3—tetrafluoropropyl ether (HFE) has been
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proposed as the electrolyte for the Li—S battery.”** The
[Li(G4)][TFSA]/HFE (1/4 in molar ratio) electrolyte showed
an improved conductivity of ~5 mS cm™' and enhanced Li*
transport property as well as further suppressing the Li,S,,
dissolution. The solvate cation [Li(G4)]" was found to be
stable even in the mixed electrolyte, as confirmed by diffusion
measurement of the glyme and Li', and thus uncoordinated G4
molecules, required for dissolving Li,S,, did not exist. The
solubility of Sg and Li,S,, was even lower in the [Li(G4)]-
[TFSA]/HFE electrolyte than in neat [Li(G4)][TFSA]
because Li,S,, are insoluble in the low polarity HFE (Figure
22). The addition of HFE provided a good cycle stability,

70

60 - [ (Li(G4)][TFSA]

. [0 [Li(G4)1])[TFSA] / HFE

CFHCF,CH3™ O\CFZCFZH
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Li2Ss  Li2Sa  Li2S2
Sulfur species
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Figure 22. Comparison of Sg and Li,S, solubility limits in
[Li(G4)][TFSA] and [Li(G4)][TFSA]/HFE (molar ratio of [Li-
(G4)][TFSA]/HFE = 1/4) at 30 °C. The structure of HFE is shown
in the inset. Reprinted with permission from ref 234. Copyright 2013
The Electrochemical Society.

higher Coulombic efficiency, and smaller overpotential upon
charge—discharge (i.e., greater energy efficiency). As shown in
Figure 23, the poor rate capability of a Li—S cell with
[Li(G4)][TFSA] was greatly improved by mixing HFE with
[Li(G4)][TFSA].

3.6. Outlook for Li—S Battery Electrolytes

Although limited numbers of ILs have been tested as electrolyte
components for Li—S cells, the above studies reveal that ILs
play multiple roles in improving the IL-S cell performance using
either the Li,S,, highly soluble or the Li,S, sparingly soluble
electrolytes. Dissolution of Li,S,, can be inhibited by the
addition of ILs having weakly coordinating anions such as
[TFSA]™. Recent studies well-controlled the solubility of Li,S,,
by adding the optimized amount of ILs to organic electrolyte
for improving the battery performance. The organic cations of
ILs could stabilize the solubilized S, in the Li,S,, highly
soluble electrolyte, which appears to mitigate the formation of
electrochemically inaccessible, low-order Li,S,, precipitates in
the Li—S cells. Moreover, some ILs or ions were found to form
an effective SEI film on the lithium metal anode, which also
prevented the parasitic redox shuttling. The Li salt-glyme
solvate ILs were highly soluble even in low-polar molecular
solvents such as HFE, and they behave as a supporting salt in
the Li,S,, sparingly soluble electrolytes. The solvate IL/HFE
mixture realized a very low solubility of Sg and Li,S,, less than
10 mmol dm™ (atomic S basis) and greatly improved Li—S
battery performances.
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Figure 23. Discharge and charge curves of Li—S cells measured at
various current densities with the (a) [Li(G4);][TFSA] and (b)
Li[TFSA]/G4/HFE = 1:1:4 electrolytes at 30 °C. The cells were
charged up to 3.3 V at a rate of 1/12C prior to each discharge test. The
cells were discharged down to 1.5 V at a low current density with a rate
of 1/12C prior to each charge test. (c) Comparison of discharge and
charge rate capabilities for Li—S cells with [Li(G4),][TFSA] and
Li[TFSA]/G4/HFE = 1:1:4 electrolytes. Reprinted with permission
from ref 234. Copyright 2013 The Electrochemical Society.

4. LITHIUM—-OXYGEN (LI-0,) BATTERY
ELECTROLYTES

4.1. Non-Aqueous Lithium-O, Battery

The nonaqueous lithium air battery has been widely proposed
as a very promising technology for energy storage, due in part
to a high theoretical gravimetric energy density.”>™>*" As a
result, a large number of research programs have been launched
to investigate the fundamental electrochemistry and to attempt
development of a functioning battery system. Figure 24 shows a
sketch of the main battery components. The air cathode,
typically a conductive porous carbon, allows the oxygen to
enter the cell (very similar to a fuel cell electrode) and contact
the electrolyte. The electrolyte allows the transport of lithium
ions across the cell, with a lithium anode providing a
lightweight negative electrode.
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Figure 24. Lithium—air battery schematic.

The lithium—air battery is based on the reversible electro-
chemical conversion reactions of lithium and oxygen. The first
step, the formation of the superoxide (eq 1) has been widely
studied in aprotic media.”*”~>** The stability (lifetime) of the
superoxide is solvent-dependent, and the presence of trace
protons tends to induce disproportionation to the peroxide
(eqs 2 and 3).*** In the strict absence of available protons, and
presence of lithium, the reaction pathway (eq 4—7) is directed
toward the production of lithium peroxide (Li,O,), which is
now widely accepted to be the main product of the discharge
reaction, with very few reports suggesting further reduction
(and breaking of the O—O bond) to generate lithium

0, +e — 0,” (1)
H" + 0,7 - HO, )
2HO, - H,0, + O, (3)
Li" + 0,7 — LiO, (4)
Li* + O, + ¢ = LiO, (5)
2Li0, - Li,0, + O, (6)
Li" + LiO, + ¢~ - Li,0, (7)

oxide (Li,O). One limitation is the poor energy efficiency (ie.,
large overpotential) on cycling. Although this may be inherent
for conversion batteries,”* for the lithium—air system it is often
attributed to the poor conductivity of the main discharge
product, Li,0,.”*" A variety of strategies have been considered
to overcome this problem, including the use of catalysts/
promoters,”' ~*** solubilizing the discharge product,”* and the
use of redox mediators.”>>~>>*

Another major togpic has been the search for a stable
electrolyte solvent.”*””®° Early interest was devoted toward
using conventional lithium-ion battery electrolyte solvents such
as propylene carbonate; however, careful study revealed the
deleterious irreversible reaction of the superoxide with this
solvent.***?°"?°> Subsequently, further research has focused on
more stable solvents including polyethers (such as tetraglyme
and PEO) and DMSO, which show improved stability
compared to the alkyl carbonates but may be unstable upon
long-term cycling.***~>%
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4.2. Merits and Limitations of ILs for Li—O, Batteries

ILs offer several potential advantages as electrolytes for the
lithium—air battery electrolyte. Aside from the ease with which
the physicochemical properties may be tuned with astute choice
of anion or cation structure, many conventional ILs offer a wide
electrochemical window and low volatility (see section 2.2),
and thus may more easily accommodate the large overpotential
upon charging often observed for these batteries without
degradation.

The design of a practical lithium—air battery may take one of
two major directions, as was outlined by Gallagher et al,>*” and
shown in Figure 25: (i) an open system, where the cathode

Screw compressor with
Filter, Motor, Chiller

A

Air |

Pressure Swing
Adsorption for
CO, & H,0
Removal

Figure 25. (A) Required components for open-architecture Li/O,
battery. (B) Closed architecture design for Li/O, battery where the
cell-stack is enclosed within a pressure vessel. Reprinted with
permission from ref 267. Copyright 2014 Royal Society of Chemistry.

and/or electrolyte are exposed to atmosphere, with a possible
requirement for separation of oxygen from the other air
components and (i) a closed system, where the oxygen is
supplied from a sealed tank akin to recently commercialized
fuel cell vehicle technologies such as the Toyota MIRAL**® As
described in section 2: Li/Na ion battery electrolytes, the use of
an IL as electrolyte offers advantages in terms of safety when
applied to electrochemical storage devices, where the volatile
electrolyte solvents may be replaced with the low volatility IL.
In addition, for the open system, the low volatility of the
electrolyte would also offer a possibility to exclude the “solvent
capture” and separation system (required to recover evaporat-
ing solvent), with consequent energy savings.

4.3. 0, Reduction and Diffusion
For a comprehensive overview of the generation of superoxide

in ILs, the interested reader is directed to the recent review by
AlNashef et al.**” This section will give a brief summary of the
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reduction of oxygen in particular with a focus on features
relevant to the lithium—air battery system.

Compton et al. reported on the reduction of oxygen from
mixtures of oxygen and nitrogen and a larger diffusion
coefficient (determined from chronoamperometry on a gold
microelectrode) for oxygen than the superoxide radical
anion.””’ That difference was more marked for the more
viscous of the two ILs studied ([Ngy,][TFSA] > [C,mim]-
[TFSA)). The authors also commented on the asymmetry of
the peaks observed in the cyclic voltammograms, which they
attributed to a difference in the diffusion of the two species,
dioxygen being almost spherical, and the superoxide radical
anion being virtually planar. Their work was later extended to
pyrrolidinium- and piperidinium- based ILs.””" Voltammograms
for [Ngy,,][TFSA] are shown Figure 26. Oxygen (and

6.0
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Figure 26. Comparison of experimental and simulated voltammo-
grams (1 V s7' scan rate) for the reduction of oxygen in
[Neys2 ] [TESA] in (a) 50% 0,:50% N, and (b) 90% O,:10% N, gas
mixtures. The closed circles represent experimental data and the solid
line represents simulated data. Reprinted with permission from ref
270. Copyright 2003 American Chemical Society.

superoxide) solubility and diffusion are key for good rate
capability and present a limitation for ILs, for which the
solubility and diftusion of oxygen tend to be lower than for
conventional aprotic electrolyte solvents.

Mastragostino et al. reported on the cyclic voltammetry of
oxygen in pyrrolidinium-based ILs in the presence of lithium
salt and noted that in the presence of lithium cations the ORR
is irreversible.””” The authors ascribed the irreversibility to the
high Lewis acidity of Li*, which could not be attenuated even
with addition of strongly coordinating ligands. Subsequent to
this report, a large number of groups have focused on
pyrrolidinium- and piperidinium-based ILs.

Abraham et al. reported a similar effect for an imidazolium-
based IL ([C,mim][TFSA])*”* and later with a pyrrolidinium-
based IL ([C,mpyr][TFSA]).””* The corresponding CV curves
are shown in Figure 27 (left), with the corresponding
assignments in Figure 27 (right). Interestingly, the authors
suggest that there are two distinct oxygen reduction peaks
observed during the cathodic sweep, one relating to the
reduction of oxygen in the presence of lithium ion to form the
lithium superoxide (C1) and the second relating to the direct
reduction of oxygen and subsequent formation of an ion pair
with the pyrrolidinium cation (C2). In using incrementally
higher potential limits for the cathodic sweep (inset of Figure
3a, (left), the authors inferred the identity of peaks in the
anodic sweep.

The formation of an ion pair between the IL cation and
superoxide radical anion, R*O,"”, is believed to be critical in
ensuring the stability of the oxygen reduction product, which
otherwise would tend to react rapidly with acidic protons
(according to egs 2 and 3), or via nucleophilic attack,””>>"’
and decompose. Thus, ILs may play a role in prevention of
decomposition reactions (with organic electrolytes and carbon-
based electrodes) that hinder the development of these
batteries. However, due to formation of an ion pair with the
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Figure 27. (Left) Cyclic voltammograms (CVs) at 100 mV/s on Au electrode. (a) 0.025 M Li[TFSA] in [C,mpyr][TFSA]. Inset: CVs at various
cathodic limits of 1.95 V and higher. (b) 0.025 M Li[TFSA] in [C,mim][TFSA]. (Right) Proposed assignment of peaks. Reprinted from ref 274.

Copyright 2012 American Chemical Society.
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Figure 29. Online electrochemical mass spectrometry analysis of the first charge (120 mA g 'C or 78.3 uA) of Li-Vulcan cells under argon
atmosphere following the prior discharge under O, in [C,mpyr][TFSA] with 10 wt % Li[TFSA] at (a) 20 °C and (b) 60 °C. (Top) Charge profile.
(Middle) Ion currents of selected masses from the mass spectrometer (m/z = 32, O,; m/z = 41, propenyl; m/z = 44, CO, and/or amines; m/z = S8,
amines) which shows the accumulation of reaction products inside the cell. (Bottom) Gas evolution rate of oxygen. Reprinted with permission from

ref 294. Copyright 2014 The Electrochemical Society.

cation, it is clear that the stability of the cation itself becomes
critical.

4.4. Selection of Stable lonic Liquids and Cycling
Performances

The possible instability of an imidazolium-based IL ([C,mim]-
[TFSA]) was suggested by Katayama et al,, where expansion of
the cyclic voltammogram potential scan range revealed
irreversibility,”’® and subsequently by others.”’””**" The
proposed reaction sequence is shown in Figure 28, the
imidazolium cation forms an ion pair with the superoxide
radical anion, and subsequent H-abstraction leads to the
carbene or methylene-imidazole, respectively. Further work by
AlNashef et al. demonstrated the formation of an imidazolone
product (perhaps via the carbine as an intermediate) from bulk
electrolysis.”® These reactions have obvious analogies for
imidazolium-based ILs with strongly basic anions, for which
carbene formation (proton abstraction from the C2-position by
the strongly basic counteranion such as acetate) and
subsequent reactions with Sg, Se, and CO, have been
reported.”**** Despite these reports, various imidazolium ILs
have been studied for the lithium—air battery.””>*”**%72¢7
Further study on pyrrolidinium- and piperidinium-based ILs
was conducted by Iba et al.”**~**' These ILs showed improved
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stability, and the authors observed the most promising
performance with [DEME][TFSA]. [Cympyr][TFSA] has
also been studied further as reported by Passerini and Scrosati
et al,”” who demonstrated improved cycling capabilities
(although at limited capacities). The stability of this IL was
also probed by in situ Raman spectroscopy,”" and its use as a
component of a gel polymer electrolyte has also been
demonstrated.””®> However, Gasteiger and co-workers have
suggested instability upon prolonged cycling, reaction between
superoxide and cation, and reduction of the pyrrolidinium
cation on the lithium anode (see Figure 29).29472%

Subsequently, Vegge et al. presented a similar study,
comparing several pyrrolidinium- and piperidinium-based ILs.
Interestingly, in their study, the [C,mpyr][TFSA] showed
relatively high stability and performance but deterioration upon
cycling.*”” Phosphonium-based ILs have also been considered,
with some evidence for proton abstraction from the
2787391 Eurther study is needed to clarify the stabilities
and capabilities of these and other potentially stable ILs for
long-term electrochemical energy storage in the lithium—air
cell.

cation.
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4.5, Presence of Water

While recent publications have brought to light other,
potentially more positive roles for water in these cells under
certain limited conditions,””>**>7>%* the presence of water can
be broadly assumed to be detrimental to the overall cell
performance, due to reaction of water with the lithium anode
and discharge products (Li,O,) at the cathode.**>™*%" In earlier
work, Kuboki et al. studied the application of hydrophobic ILs
for a lithium-air cell, wherein the hydrophobic ILs provided a
means to limit water ingress into the cell and thus partially
protect the lithium anode and cathode.”®” In another study,
[C,mim][TFSA] was employed as a component of the cathode
to prevent water ingress.” However, as the ILs employed in
these studies were all imidazolium-based, the stability in the
presence of reduced oxygen species is unclear (see section 4.3).

More recently, Forsyth et al. investigated the stability of the
superoxide radical anion in [Pgg4]Cl in the presence of water,
see Figure 30.°”° The authors suggest that the presence of a
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Figure 30. Cyclic voltammograms for ORR in ionic liquid [Pgs;4]Cl
with water content of 1.5 and 4.5% v/v using GC as the working
electrode. Reprinted from ref 308. Copyright 2013 American Chemical
Society.

strong ion pairing between the superoxide radical anion and
[Pgs14)” cation may act to prevent the chemical disproportio-
nation of the superoxide which would otherwise be promoted
in the presence of water (eqs 2 and 3). In a recent report, this
cation was applied in a systematic study varying the ionic liquid
components, aimed at reducing the inherent water content of
the ionic liquid.*”

4.6. Advanced Systems

Several groups have reported on blending ILs with conven-
tional organic electrolyte solvents.”'°~>'* These systems tend
to show improved diffusion coefficients for oxygen and likely
higher lithium-ion conductivities, and thus may offer a
compromise between attractive features of both systems.
However, the long-term stability still remains questionable.
We recently reported on the application of solvate ILs (see
section 2.3.1.) for the lithium—air battery,”*”*"> where we
commented on the importance of discharge depth in
determining the effectiveness of a particular solvent system.”"”
By using such solvate ILs, despite the presence of the glyme
molecule, the solubility of superoxide may be limited, ensuring
full reduction occurs in direct contact with the electrode,
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preventing material losses. Nazar et al. also reported a related
“chelate IL".*"*

Further work has been undertaken to develop flow-type cells,
as shown in Figure 31.>">7*"7 Such designs offer the possibility
to improve the oxygen transport in the system, thus
overcoming one of the main obstacles for ILs to be used in
the lithium—air battery.

(c) ]

3D view

Figure 31. Schematic of flow cell apparatus. (a) Representation of the
oxygen bubbling device, the peristaltic pump and the prototype cell,
connected with silicone tubes; (b) magnification of the cathode area,
showing the O,-saturated electrolyte pathway across the porous
carbon and the flow field plate; (c) 3D and bottom view of the cathode
rod. Reprinted with permission from ref 317. Copyright 2016 Wiley.

Recently, Addison et al. reported the use of molten salts at
higher temperatures (LiINO;—KNO;, LiNO;—KNO,—
CsNO;).*"® The absence of any organic components in the
electrolyte invokes an enhanced stability for the electrolyte.
Limitations remain; however, the carbon electrode is still
present and shows some instability, generating Li,CO;. This,
and the rather high temperatures, should be addressed to fulfill
the promise of this interesting strategy. Alternatively, high
temperatures may offer promise for more conventional ILs,
where the rate capability might be substantially enhanced.’"”

4.7. Outlook for Li—O, Battery Electrolytes

Although efforts have been made to study the anode for the
lithium—air battery using conventional organic electrolytes such
as glymes and DMSO,”*"~**’ this has not been undertaken to a
great extent in ILs. Further study on stability of ILs in this
system should therefore focus not only on reactions with the
superoxide but also take into account potential side-reactions at
the Li metal surface.

The use of redox mediators has been well-reported for
conventional aprotic electrolytes in this system,”~>** but
comprehensive studies have not been reported for ILs, and little
modeling has been performed for IL electrolytes, compared to
organic solvents.”** These and other fundamental parameters
must be studied to fully characterize the potential of ILs in this
system.

5. FUEL CELL ELECTROLYTES

5.1. Conventional Fuel Cell Electrolytes

Fuel cells are energy conversion systems, which directly
transform the Gibbs energy change of chemical reaction into
electric energy. They have attracted much attention as next
generation energy devices, since they emit only water and
achieve high energy conversion efficiency. Recently, polymer
electrolyte fuel cells (PEFC) for fuel cell vehicles and domestic
cogeneration systems were commercialized. In a fuel cell
system, the hydrogen oxidation reaction (HOR) occurs at the
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anode, while the oxygen reduction reaction (ORR) simulta-
neously occurs at the cathode; the difference in Gibbs energy
between both electrode reactions is output as electric energy. In
order to achieve high energy conversion efficiency, over
potentials for both reactions should be lowered. This is
currently achieved by using a Pt electrode catalyst at both
electrodes. For the proton conducting membranes used to
separate the electrodes, high thermal and chemical stability,
high mechanical strength, and a gas barrier property in addition
to high H*-conductivity are required. At present, perfluorinated
sulfonic acid membranes, typically Nafion (DuPont), are widely
employed in spite of their high cost.’** Although much effort
has been devoted to developing hydrocarbon polymer
membranes to replace Nafion,’*°7%%° Nafion still has
superiority in its properties and durability.

Nonhumidifying operation of a PEFC at intermediate
temperatures has been of great interest for many researchers,
since it offers many benefits such as elimination of a water
management system, efficient utilization of waste heat, efficient
cooling by a smaller radiator, enhanced catalytic activity of Pt,
reduced poisoning of Pt by CO, and so forth. In order to design
such a system, new proton conducting electrolytes as
alternatives to hydrated acid systems such as Nafion must be
developed. One possible candidate is phosphoric acid (H;PO,)
doped polybenzimidazole (PBI). Savinell et al. reported fuel
cell operation at 160 °C without humidification using a H;PO,/
PBI composite membrane.”** However, H,PO,/PBI composite
membranes cannot be used at lower temperature due to high
over potential. Protic ionic liquids (PILs) have been focused on
as another candidate, since they exhibit excellent thermal
stabilitgr and proton conductivity without additional sol-
vents.”' 7%

5.2. Properties of Protic lonic Liquids

PILs are defined as ILs having active protons (exchangeable and
reactive) in their chemical structures. Typical PILs are
synthesized by a neutralization reaction (proton transfer
reaction) between a Bronsted acid and Bronsted base (Scheme
1). ILs having anions with active protons such as HSO,~ and

Scheme 1. Acid—Base Equilibrium in PILs”

AH + B = A + BH*
acid base anion cation
1] I (I? (I? 9
A = F3C—§—N‘-ISI—CF3 F3C—ISI—O' H3C—§—O' F;C-C-O"
O o o o
PFg BF4 NO3 ClOy4
| He o NH,"
BH+ = /\N+/\ \N+’ N/\ ~ _
: — "

“A” and BH" are representative anions and cations comprising PILs,
respectively.

H,PO,™ can also be categorized as PILs. If ions in PILs having
an active proton are highly mobile and readily involved in
electrode reactions, the PILs can be candidates for proton
conductors in fuel cells. Although many cations and anions can
be used to form PILs, selection of chemical structure is actually
limited due to strict requirements for the proton conductor in
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fuel cells. Significant properties for the electrolyte in a fuel cell
system are thermal stability, proton conductivity, and electro-
chemical activity.

5.2.1. Thermal Stability. PILs prepared by neutralization
reactions are in acid—base equilibrium. They include not only
ionic species (anion and cation) but also neutral species (acid
and base) according to the equilibrium constants, which are
roughly determined by the difference in pK, values between the
acid and base (ApK,). Angell and his co-workers first reported
a linear relationship between excess boiling point (AT,) and
ApK, (Figure 32).>’' Watanabe et al. reported thermal stability

500
e 1:1 (mol) Base-Acid ILs |
|| A Estimated walue
400 | ——Fitting line ATy = 378K .
A PATE
| ATy = 306K 5
x 300 " aPic-Tf
a r -
P -
< 200
| EA-Fme PA-TFA
100 s PAFm
| ®aPic-TFA
aPic-Fm
0 A 1
0 10 20 30

ApKa

Figure 32. Relation between excess boiling point (AT,) and ApK,.
The AT, value is determined as the difference between the measured
boiling point and the value, at 1:1, of the linear connection between
pure acid and pure base boiling points. EA, ethylamine; PA,
propylamine; aPic, 2-methylpyridine; Tf, trifluoromethanesulfonic
acid; TFA, trifluoroacetic acid; Fm, formic acid. Reproduced from ref
331. Copyright 2003 American Chemical Society.

of many PILs by thermogravimetry.””” Weight loss of PILs
comes from evaporation of neutral species. Since the difference
in Gibbs energy before and after neutralization becomes larger
with increasing ApK,, the equilibrium shift to neutral species
requires higher temperature with increasing ApK,. They found
that the requirement in the magnitude of ApK, for PILs that
have sufficient thermal stability is higher than 15.%** Dai et al.
reported thermally stable PILs prepared from superacids and
organic superbases such as phosphazenes and guanidines
(Figure 33a).”** Watanabe el al. explored thermal stability of
PILs based on 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and
found that [DBU][TFSA] has a very high thermal decom-
position temperature (T4 = 451 °C), which is higher than that
of a thermally stable aprotic IL, [C,mim][TFSA] (Figure
33b).%*

5.2.2. Proton Conductivity. In hydrated acid systems such
as Nafion, the hydronium cation (H;0%) is generated by
proton transfer reaction from the acid to water, and water also
plays an important role as a mediator of proton conduction.
Two proton conduction mechanisms have been generally
accepted: the vehicle mechanism is conduction by migration of
H,;0", while Grotthuss mechanism is conduction by proton
hopping across the hydrogen bonding network composed of
H;0" and water molecules (Figure 34). In actual systems both
mechanisms frequently coexist. A Walden plot is a simple way
to diagnose the proton transport property of various electrolyte
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Figure 33. (a) Isothemal thermogravimetry of superbase-based PILs under N, at 150 °C. Reproduced from ref 334. Copyright 2009 American
Chemical Society. (b) Thermogravimetry curves of [DBU]-based PILs at 10 K min™" under N,; the number in parentheses corresponds to ApK, of
constituent acid and base. Reproduced with permission from ref 333. Copyright 2012 Royal Society of Chemistry.
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Figure 34. Schematic presentation of proton conduction mechanism
in hydrated acid systems and protic ILs. V and G denotes vehicle
mechanism and Grotthuss mechanism, respectively. Grotthuss
mechanism is achieved by proton hopping followed by reorientation
of proton mediator. Grotthuss mechanism is less affected by viscosity,
compared with vehicle mechanism.

materials (Figure 35).*"*** In the Walden plot, the solid line

with slope = 1 is the ideal line observed for 1 M KCl aqueous
solution as a model of the vehicle conduction with complete
dissociation. If an electrolyte does not completely dissociate
and the Grotthuss mechanism is not involved, the plots lie
below the ideal line. On the other hand, when the Grotthuss
mechanism is involved in the conduction, which is less affected
by viscosity compared to the vehicle mechanism, the plots tend
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Figure 35. Walden plot for various electrolyte materials. DMAHSO,,
dimethylammonium hydrogensulfate; EAN, ethylammonium nitrate;
BAHSO,, butylammonium hydrogensulfate; HOEAN, hydroxyethy-
lammonium nitrate; MOPAN, 3-methoxypropylammonium nitrate;
EAFm, ethylammonium formate; and aPic-Ac, 2-metylpyridium
acetate. Reproduced from ref 338. Copyright 2007 American Chemical
Society.

to lie above the ideal line. Angell et al. classified electrolytes
whose Walden plots lie much lower than the ideal line as poor
electrolytes, while those with the Walden plots close to the
ideal line but lower than it are named as good electrolytes.
They also categorized electrolyte materials whose Walden plots
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Figure 36. Physicochemical and electrochemical properties of [dema][TfO]. Cyclic voltammetry (right) was measured at a bright Pt-wire electrode

(WE) vs a reversible hydrogen electrode (RHE) with a two-compartment glass cell under dry N, H,, or O, gas bubbling atmosphere at 10 mV s™".
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The counter electrode (CE) was a platinized Pt wire; the RHE was a Pt wire in a H,-sparged solution, placed close to the WE through a Luggin

capillary. Redrawn after ref 332.

lie above the ideal line as superionic electrolytes (Figure
35).331338

Diethylmethylammonium trifluoromethanesulfonate
([dema][TfO]) is a typical PIL having preferable properties
as a fuel cell electrolyte [T,, = =6 °C, Ty = 360 °C, o (ionic
conductivity) = S3 mS cm™" at 160 °C, and OCV (open circuit
potential for a Grove-type H,|O, cell with Pt electrodes) = 1.03
V at 150 °C] (Figure 36).**” In such PILs, proton transport is
carried out by migration of the cations that have active protons.
In the case of [dema][TfO], the ApK, is sufficient (17.5) to
complete the proton transfer reaction. Consequently, there is
no proton receiving site in the structure, and thus proton
conduction occurs by the vehicle mechanism. On the other
hand, PILs having such anions as HSO,™ and H,PO;~ exhibit
proton conduction not only by the vehicle mechanism but also
by the Grotthuss mechanism, since these anions have both
proton-donating and -accepting sites in their structures and
form a hydrogen-bonding network (Figure 34).**” Walden
plots of such systems lie above the ideal line (Figure 35).**"
However, ionic conductivity of electrolyte materials is more or
less dominated by their viscosity, thus it should be noted that
PILs with a Grotthuss mechanism contribution to their ionic
conduction are not always superior to PILs with only the
vehicle mechanism. Actually, [dema]HSO, and [dema]H,PO,
have lower ionic conductivity than [dema][TfO] at the same
temperature due to high viscosity derived from the hydrogen-
bonding network, even though the Grotthuss mechanism is
exhibited for the two former ILs. Additionally, certain PILs,
with low ApK, or containing a stoichiometric excess of base,
exhibit high proton conductivity by the Grotthuss mechanism,
due to the presence of a proton accepting base (proton
vacancy). However, thermal stability simultaneously becomes
worse due to the existence of a larger amount of neutral
species.y’g’340

In PILs, both the cation and anion are generally mobile, and
thus ionic conductivity is not always equal to proton
conductivity. For certain PILs, the self-diffusion coeflicient of
cation and anion were measured by PGSE-NMR (pulse-field
gradient spin echo NMR), which indicates that the cation has
slightly higher but similar self-diffusion coeflicient to that of
anion (Table 3).>*
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Table 3. Diffusion Coeflicients of Ions in PILs, Which Were
Estimated by PGSE-NMR Techniques.**’

D x 10° (cm? s_lb)

PILs” 30 °C 130 °C
[dema][TfO] cation 0.479 491
anion 0.365 5.14
[adma][TfO] cation 0.493 5.77
anion 0.424 5.13
[mdpa][TfO] cation 0.501 5.95
anion 0.420 S.11

“Abbreviations of cations are as follows: [dema] = diethylmethy-
lammonium, [adma] allyldimethylammonium, and [mdma]
methyldipropylammonium. “Self-diffusion coeflicient measured by
PGSE-NMR techniques.

5.2.3. Electrochemical Activity. Electrode reactions of a
H,|0, fuel cell using aqueous acidic electrolytes can be written
as follows.

anode: H, + 2H,0 — 2H,0" + 2¢~
cathode: 1/20, + 2H,0" + 2¢” - 3H,0

total: H, + 1/20, - H,0

In typical PILs, the proton exists as a component of a
cationic structure (BH'), where proton is bound to the
heteroatom (N, P, S, etc.) of base (B). Accordingly, possible
fuel cell reactions in PILs can be written as follows:

anode: H, + 2B — 2BH" + 2¢”
cathode: 1/20, + 2BH" + 2¢” —» H,0 + 2B

total: H, + 1/20, - H,0

Neutral acid, if present, may also contribute to the anodic
reaction instead of BH". Figure 36 shows cyclic voltammetry
for the hydrogen oxidation reaction (HOR) and oxygen
reduction reaction (ORR) in [dema][TfO]. Fuel cell reactions
in PILs are greatly affected by the nature of PILs (Table 4),***
as indicated by the great change in the open circuit potentials
(OCP). It was revealed that trifluoromethanesulfonate salts
tend to show high OCP, while HSO, salts and [TFSA] salts

DOI: 10.1021/acs.chemrev.6b00504
Chem. Rev. 2017, 117, 7190-7239


http://dx.doi.org/10.1021/acs.chemrev.6b00504

Chemical Reviews

Table 4. Open Circuit Potential (OCP) for H,|0, Fuel Cells
Using Pt Electrodes and PILs at 150 °C?3?

PILs” OCP/V PILs OCP/V
[dema][TFSA] 0.77 [EPp][TfO] 1.08
[im][TESA] 0.57 [tea] [MS] 0.80
[dema][TfO] 1.03 [dea][MS] 0.81
[dmea][TfO] 1.01 [dema]HSO, 0.89
[tea][TfO] 0.94 [EPp]HSO, 0.79

“Abbreviations of cations are as follows: [im] = imidazolium, [dmea]
= dimethylethylammonium, [tea] = triethylammonium, [Epp] = N-
ethylpiperidinium, and [dea] = diethylammonium.

show relatively low OCP. The OCP has been correlated with
ApK, of PILs and tends to have a maximum at a certain value
of ApK, (Figure 37a).*® Interestingly, mixtures of [dema]-
HSO, and [dema][TFSA] show a higher OCP than the
component ILs, comparable to [dema][TfO] (Figure 37b).**
The former observation has been interpreted in terms of N—H
bond strength, electrode poisoning by a trace amount of neutral
amine, and the anion-exchange effect.”*”**> The N—H bond
strength increases with ApK,.*> Strong N—H bonds may
retard the ORR, resulting in a low OCP. However, weak N—H
bonds (low ApK,) indicate incomplete proton transfer
reactions and the presence of neutral amine, also resulting in
a low OCP. Kanzaki et al. reported acid base equilibrium
constants in PILs, which were determined by potentiometric
titration techniques.”® ApK, is of course a metric of the
equilibrium constants, but it is based on acidity in aqueous
media. Therefore, ApK, is affected by the hydration effect.
According to their report, the estimated equilibrium constant
for ethylammonium nitrate is lower than that derived from
ApK, by a factor of 2, which indicates that there are in fact
more neutral species in PILs than estimated by ApK,. The
mixing effect on OCP might be understandable if anion-
exchange reactions are fast enough to average the N—H bond
strength.

5.3. Membrane Fabrication

PILs for fuel cell applications should be fabricated as thin films.
There are two possible ways to obtain thin films including PILs:
one is impregnation of PILs into porous membranes and
another is fabricating dense composite membranes by using
polymer matrixes. On the basis of the fact that the fuel cell
system is an open system, the latter way is preferable, since
PILs can easily be leaked out from the membrane in the former.

5.3.1. Poly(vinylidene fluoride) (PVDF) Based Compo-
site Membranes. PVDF and its copolymers are chemically
and electrochemically stable crystalline polymers with T, of
140—160 °C and can be processed into mechanically strong
thin membranes. When they are processed by using a solution
casting method, morphology of the resulting membrane is
strongly dependent on the casting solvent, ranging from porous
to dense membranes.”>’ PVDF composite membranes
including aprotic ILs and acids were reported by Scrosati et
al.>? and Sekhon et al.’>’ Zhou fabricated composite
membranes where HSO,™ salts are impregnated into porous
PVDF membranes and achieved a polarization current of 170
mA cm™? at S0 °C in fuel cell operation using the
membranes.”>*

5.3.2. Nafion-Based Composite Membranes. IL com-
posite membranes based on perfluorosulfonic acid membranes,
typically Nafion, have also been examined by several
researchers. Doyle fabricated composite membranes consisting
of DOW membrane or Nafion membranes by immersing them
into ILs. Ionic conductivities in excess of 0.1 S/cm at 180 °C
have been demonstrated using [C,mim][TfO].**> Compar-
isons between the IL-swollen membrane and the neat liquid
itself indicate substantial proton mobility in these composites.

Iojoiu and her co-workers have explored ionic conductivity of
Nafion-based composite membranes in detail.***"*** They
fabricated composite membranes, consisting of triethylamine
(TEA)-based-PILs and Nafion, by an immersing method and
estimated ionic conductivity of the membranes. The order of
ionic conductivity of the composite membranes is MS-TEA >
PFBu-TEA > TF-TEA, which is different from that of neat PILs
(TE-TEA > MS-TEA >> PFBuTEA) (Figure 38).*°' From
broadband electric spectroscopy, they explain the discrepancy
in terms of differences in the interaction between PILs and
Nafion and resulting nanophase separation structures.

Computational simulation of this system has also been
performed.****** Zhou et al. reported computational simulation
of nanophase separation of [C,mim]BF,/Nafion composite
membrane (Figure 39).°*> The diffusion coefficient of the
cation in the composite membrane is calculated to be two times
higher than that of the anion due to interaction between the
PIL and Nafion, while the diffusion coeflicients of both ions in
neat [C,mim]BF, are similar.

5.3.3. Block Polymer-Based Composite Membranes.
Interesting attempts have been made for the fabrication of
composite membranes having well-developed nanophase
separation of ionic and nonionic domains by using block
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Figure 38. (a) Ionic conductivity of PILs and (b) their Nafion
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361. Copyright 2010 Elsevier.

copolymers. Park et al. fabricated the composite membranes
consisting of [Cymim][MS] or [C,mim]BF, and poly-
(styrenesulfonate-b-methylbutyene) block copolymer (SMB),
and a comparison with Nafion-based membranes was made.
The SMB-based composite membranes form well-developed
lamellar or cylinder structures (Figure 40); their ionic
conductivity obeys the order: [C;mim][MS]/SMB > [C,mim]-
BF,/SMB, while Nafion-based membranes show the opposite
tendency. Additionally, [C;mim][MS]/SMB membranes ex-
hibit much higher ionic conductivity than Nafion-based
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Figure 40. Morphologies of [C mim][MS]/poly(styrenesulfonate-b-
methylbutylene) composite membranes as a function of IL content.
(a) SAXS profiles and cross-sectional TEM images composite
membranes containing (b) 0 wt %, (c) 30 wt %, and (d) SO wt %
of [C;mim][MS]. [MMIm] = [C;mim]. Reproduced with permission
from ref 365. Copyright 2010 Nature Publishing Group.

membranes. This difference is explained in terms of well-
developed nanophase separation of SMB-based membranes and
proton hopping via the SO;™ moiety in the polymer and the
anion in the PIL.*®® Hoarfrost et al. prepared composite
membranes consisting of poly(styrene-b-vinylpyridine) block
copolymer and [im][TFSA] ([im]: imidazolium) and claimed
that proton hopping occurs more effectively in PIL confined in
a nanosize domain of polymer matrix than that in the bulk.**®

5.3.4. Aromatic Polymer Based Composite Mem-
branes. Aromatic polymers such as polyimide and poly-
benzimidazole are known as super engineering plastics and have
superior thermal and chemical stability, mechanical strength,
and membrane formability. Due to their favorable properties,
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Figure 39. Computational simulation of [C,mim]BF,/Nafion composites with a different fraction of IL: (a) 45%, (b) 52%, and (c) 57%. Color
representations: green, Nafion back bones; yellow, Nafion pendant charged groups; blue, cations; and red, anions. Reproduced with permission from

ref 363. Copyright 2013 John Wiley & Sons, Inc.
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Research Society.

these polymers, modified with acid groups, have been widely
studied as alternatives to Nafion for fuel cell application.
Polyimides with substituted sulfonated groups (SPI) (Figure
41a) are found to have good compatibility with PILs and gives
uniform, thin, and mechanically strong composite membranes.
The resulting composite membranes, [dema][TfO]/SPI,
exhibit acceptable ionic conductivity (Figure 41b).*®"*%
Multiblock copolyimides consisting of ionic and nonionic
segments have higher PIL-retaining abilities than random
copolyimides with the same ion-exchange capacity and exhibit
higher ionic conductivity even at the same PILs content.’”
From AFM observations, nanophase separation of ionic and
nonionic domains in the composite membranes is found to be
more developed in the multiblock copolyimides compared with
that of the random copolyimides.**” In nonhumidifying fuel cell
operation using [dema][TfO]/SPI composite membranes at
120 °C, the maximum current and power densities of ca. 400
mA cm™* and 110 mW/cm? are reported (Figure 41¢).””"
Another example is the composite membranes based on
polybenzimidazoles (PBIs). Mamlouk et al. observed polar-
> at 150 °C

nonhumidifying fuel cell operation using diethylammonium
371

ization current density of 70 mA cm” in

hydrogenesulate ([dea]HSO,)/PBI composite membranes.
5.4. Outlook for Fuel Cell Electrolytes

Requirements for the proton conductors in a nonhumidifying
fuel cell system are extremely severe. Chemical, electro-
chemical, and thermal stabilities are basic requirements for
PILs, as well as favorable transport properties and facile
electrode reactions. For matrix polymers of the composite
membranes, mechanical strength and stability are needed in
addition to the above-mentioned stabilities. Leakage of PILs
from the composite membranes is still a severe drawback for
the composite systems. Materials satisfactory to such require-
ments have not been developed yet. However, fuel cell
membranes operable under nonhumidifying conditions and at
above 100 °C are considered to be dream membranes, and
there is enough scope for further investigation.
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6. ELECTROACTIVE CARBONS FROM IONIC LIQUIDS
6.1. N-Doped Carbon Materials

Carbon materials owing to their unique features in terms of
high surface area, excellent electric and thermal conductivity,
high chemical stability, and low cost have attracted significant
attention in diverse areas such as environmental treatment,
catalysis, sensing, separation, gas capture/separation, and
particularly, electrochemical energy conversion/storage.”’>*”>
In general, carbon materials can be prepared by the
carbonization of carbon-containing precursors. The structure
and composition of the precursors are critical to the
preparation process and the structure and properties of the
final carbons. Incorporation of electron-donating or electron-
withdrawing foreign elements such as N, B, S, and P into the
carbon structures provides a simple and effective way to tune
and control physicochemical properties of the carbon materials.
Particularly, N-doping can modulate the electronic structure of
the carbons via conjugation between the nitrogen lone-pair and
m-system of the carbon lattice and generate additional
functional groups on the carbon surface, which thereby
enhances their electrical conductivity, basicity, oxidation
stability, and (electrochemically and chemically) catalytic
activity for potential applications.””*™>"® The resultant N-
doped carbon materials (NDCs), particularly those with both
high N content and graphitic degree, exhibit very high
conductivity’””** because of the increase in electron density
at the Fermi level and allowing the electrons to reach the
conduction band.**'** NDCs also show outstanding
oxidative stability, even at elevated temperatures,379’384 and
can chemically activate oxygen while not reacting them-
selves.”™ As a nanostructured high surface support for noble
platinum, NDC was even able to survive the conditions of the
Periana reaction, which involves hi§h pressure oxygen in
foaming sulfuric acid above 200 °C.**

Normally, NDCs are synthesized according to the following
strategies: postmodification of the as-prepared carbon materials
or in situ carbonization of specific precursors. The former
method requires additional heteroatom-containing agents such
as ammonia gas and is uncontrollable in terms of both the
amount and distribution of dopants.”*”**® In contrast, in situ
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carbonization of heteroatom-containing carbon precursors such
as polyacrylonitrile usually yields more homogeneously
distributed heteroatom atoms throughout the material.””*
Since most organic compounds are completely evaporated or
decomposed into gaseous products during high-temperature
carbonization, precursors currently available for NDCs are
limited to natural or synthetic polymers. The polymer
precursors-related procedures are multistep and time-consum-
ing. Meanwhile, direct carbonization of such precursors always
lead to low N content.*****°

6.2. New Concept: From lonic Liquids to N-Doped Carbons

Because of their unique features such as a carbon-rich nature,
negligible vapor pressure, and high thermal stability, ILs
composed of organic cations and inorganic/ organic anions
have shown great promise as versatile small-molecular and low-
vapor-pressure carbon precursors, instead of conventional
polymers. Carbon materialization of ILs can be readily carried
out without applied pressure. The intrinsic nitrogen-containing
nature of most ILs offer the possibility to yield NDCs in situ
without additional doping agents. Moreover, the structures and
properties of the final carbon materials can be easily controlled
at the molecular level through rational design of the ionic
precursors by virtue of their structural diversity.””'~*** Since
most conventional ILs under inert atmosphere and ambient
pressure afford no suitable carbons due to the lack of stable
intermediate polymeric structures and the eventual formation
of volatile vapors during thermal decomposition,*”**?® the IL
precursors being investigated in the early stage are mainly
focused on specific ILs containing cross-linkable moieties.>”**°
As pioneered by Dai et al. in 2009,>%° various intrinsic NDCs
were obtained by direct carbonization of aprotic ILs containing
nitrile/cyano moieties in either cations or
379,391,393,397=401 Nitrogen heteroatoms are believed to
be homogeneously distributed in the obtained NDCs because
of the one-step carbonization from a single precursor. The key
to successful carbonization of these task-specific ILs in
atmospheric pressure is that the nitrile groups undergo cross-
linking reactions and form intermediate amorphous polytriazine
networks through cyclotrimerization of nitrile groups (Figure
42).* Another advantage is that the liquid state of ILs at

anions.

T<400°C ;|\~ T>800°C

______ 2 e

N-doped carbons

Aprotic ILs: R1m—|— - ~R? R'orR% C=N

Figure 42. Schematic representation of synthesis of NDCs from
nitrile/cyano-containing aprotic ILs.

ambient conditions will facilitate the production of seamless
continuous carbon films.*”*® However, the wide application of
these nitrile/cyano-containing ILs is strongly hampered by their
complicated synthesis, high cost, and relatively low carbon yield
(<13% at 1000 °C). In order to address this issue, many efforts
have been devoted to developing new IL precursors for
carbonization, mainly focused on the following candidates:
poly(ionic liquid)s (poly-ILs), deep-eutectic solvents (DESs),
protic ILs and salts (PILs/PSs).
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Poly-ILs owing to their polymeric nature as carbon
precursors have the following merits.**>~**° First, poly-ILs
can be processed into various shapes, which leads to monolithic
carbon materials such as membranes, tubes, hollow spheres,
and foams with a full preservation of the shape of the
precursors.””’ ="' Such well-defined morphologies are inacces-
sible via monomers or small molecule based ILs. Second, poly-
ILs always show improved carbon yield as opposed to
conventional ILs.*'* Third, known favorable interactions
between polar IL monomers and inorganic templates make it
possible to coat poly-ILs on the template surface homoge-
neously by in situ polymerization, thus producing more
advanced porous carbons such as hollow carbon spheres or
carbon-encapsulated structures.””***~*'” In addition to poly-
ILs that require complicated syntheses, DESs, which share
many characteristics with conventional ILs,"'*"*° have also
been proposed as a new class of IL precursors recently. Monte
and co-workers have contributed extensively to this research
area and showed that low cost DESs (if combined with
polycondensation of resorcinol—formaldehyde gels) are highly
desirable to produce bulk monolithic carbons with hierarchical
and interconnected porous structures. ™! ~**? However, it
should be noted that direct carbonization of DES itself in
most cases gives rise to no carbon residues.””” A possible
explanation is that the hydrogen-bond strength between the
hydrogen donors and acceptors in DESs is insufficient to render
the DESs thermally stable prior to preliminary polymerization
and carbonization at high temperature. Besides poly-ILs and
DESs, a more attractive type of IL precursor is the low-cost and
easily prepared N-containing PILs/PSs developed very recently
mainly by Zhang in the Watanabe group.’*”**"*?1#30743
Employment of such PILs/PSs as single and versatile
precursors for the facile direct carbonization, without additional
catalyst, prepolymerization or other complex techniques can
overcome the drawbacks related to cyano/nitrile-containing
aprotic IL precursors such as a multistep and time-consuming
synthesis, rigorous purification, metal impurities (e.§., Li, Na, or
Ag, possibly from metathesis), and high cost.**>**° As seen in
Figure 43a, the entire procedure of a PILs/PSs-involved process
is quite simple and easy to carry out, involving only two steps:
neutralization and carbonization. The concept is validated by
the comparative study of thermal gravimetric analysis (TGA) of
both the parent base and PILs/PSs. As seen in Figure 43b, all of
the parent amines are completely evaporated or decomposed
below 400 °C, while the corresponding PILs/PSs were indeed
converted to carbon residues, with carbon yield strongly
dependent on the structure of the PILs/PSs. Very importantly,
the structure and properties (N content, conductivity, graphitic
degree, and porosity) of the obtained carbons can be finely
modulated by varying the precursor structure.

As a matter of fact, other than the specific IL precursors
mentioned above, conventional ILs without any cross-linkable
functional groups can also be considered as Opotential precursors
if they are confined in nanospace.”* ** The matrixes for
nanoconfinement can be either inorganic or organic materials,
such as silica gel434 and cyclodextrin.439 For example, when a
noncarbonizable IL, [C,mim][TFSA] (char residue was not
obtained by direct carbonization of the bulk IL), was confined
into an oxide framework via an in situ nonhydrolytic sol—gel
process, carbon materials with substantial yield were achieved
after carbonization.”* It is believed that aromatization of the in
situ-formed fragments through dehydrogenation reactions is
considerably enhanced, and evaporative loss of intermediate
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and 380, respectively. Copyright 2014 American Chemical Society.

species (other than hydrogen gas) is suppressed by the
nanoconfinement effect. The improved carbon yield of ILs
confined in f-cyclodextrin or cucurbituril further validate the
concept of nanoconfinement-assisted carbonization.*’

In addition to developing new potential IL precursors,
another method to make full use of IL precursors but lower the
cost is to use ILs as surface-coating agents or N-containing
dopants for carbonization.*****'~*** In such cases, the required
amount of ILs is greatly reduced, while the attractive features of
IL-derived NDCs, such as high conductivities and high nitrogen
contents, remains. Noteworthy is that conventionally non-
carbonizable ILs can also been explored as dopants for
fabrication of heteroatom-doped carbon, although the resultant
carbon yield is relatively lower than that of nitrile-containing
ILs. Owing to the fluidic feature of the IL precursors coupled
with their high nitrogen contents and graphitic structures of the
resultant carbons, [DCA]-based ILs, especially [C,mim]-
[DCA]), have been intensively exploited to decorate the
surfaces of bulk materials such as Li,TisO,,,***** Pt/XC-72
catalyst,**” and carbon nanotubes (CNTs)*** with a thin layer
of IL-derived NDCs. This thin layer was expected to protect
the pristine materials while at the same time facilitate the
electron transfer across the encapsulated shell. [DCA]-based
ILs have also been frequently used as a N-containing agent for
N doping for non-N-containing precursors such as graphene
and graphene oxide."*”~*** It should be noted that using ILs in
some cases not only leads to heteroatom incorporation into the
framework but also modulates the carbon microstructure.>

6.3. Structure and Properties of lonic-Liquid-Derived
N-Doped Carbons

Compared to conventional precursors, the structural diversity
of ILs, especially the easily obtained PILs/PSs, offers the
possibility to easily control the structure and properties of the
final carbon materials, which may result in NDCs with very
attractive properties such as high N content, high graphitic
degree, high conductivity, high oxidation ability, and meso-
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porous structure.”******* The IL structure is beneficial to
nitrogen fixation in the carbon materials, and most of the highly
nitrogen-doped carbons reported to date seem to be derived
from IL precursors. For example, direct carbonization of
[C,mim][DCA] (39.5 wt % N) with an N/C molar ratio of
0.63:1 produced NDCs characterized by a very high nitrogen
content, up to 10.4 wt % at 1000 °C.”>”” This value could be
further improved to about 12.0 wt % through cocarbonization
of the same IL with naturally N-rich compounds; this ultrahigh
nitrogen content should be the highest value for NDCs
obtained by in situ N-doping.*>> Similarly, PIL of 3-
cyanopyridinium hydrogen sulfate ([3-CNPy][HSO,]), despite
their relatively low N/C value of 0.33:1, has been shown to
produce NDCs with nitrogen content of up to 11.91 wt % at
1000 °C.*** This value, to our knowledge, was the highest value
for NDCs obtained from a single precursor. The obtained high
nitrogen contents are very important because N-doping in the
carbon lattice can significantly alter or improve the
physicochemical properties of carbon materials,””******” and
moreover, it was generally accepted that for most NDCs with
given porosity and graphitic structure, the higher the nitrogen
content of the carbon material, the better performance it may
exhibit. By virtue of the wide availability and easy synthesis of
PILs/PSs, Watanabe and co-workers observed a linear or
polynomial relationship between the N/C molar ratio and the
N content of carbons. On the basis of this relationship, the
upper limit of nitrogen content in carbon materials that might
be achieved has been estimated for the first time.”® The
estimated upper limit for the nitrogen content of NDCs was
found to be strongly related to the carbonization temperature.
For example, maximally, one can dope 14.3 wt % of nitrogen
into carbon obtained at 1000 °C, while this value can
theoretically be increased to 21.7 wt % at 900 °C."® Indeed,
such upper limits have never been achieved experimentally for
NDCs prepared through either in situ carbonization or post-
treatment. Other than the N-monodoped carbons, dual- or
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multidoped carbons such as N, S-codoped, N, B-codoped, N, P-
codoped, and even Fe (or Co), N-codoped carbons, can be
achieved by carbonization of ILs containing heteroatoms other
than N, such as B**7%7 g#*00#849 p38%t and metallic

atoms,****! etc. in the cationic or anionic backbone of ILs
(Figure 44).
. N
N
N/ \\\N Br //
N=—B—=N
AN N N SN
N Y N
N \
N —
S / \
N*— e N
fo) o) N N
Fe VAN \—/
S o WA =
> ¥ oo ¢ NZ FeBrCly

Figure 44. Chemical structure of typical IL precursors containing
heteroatoms other than nitrogen.

Some IL-derived NDCs with very hi 7%}1 N contents were
found to have a high graphitic degree.”””**’ Graphitic order
with bent layer planes and weak edge termination are randomly
oriented but uniformly present throughout the entire carbon
structure in [C,mim][DCA]*”* and 3-cyanopyridinium hydro-
gen sulfate ([3-CNPy][HSO,])-derived NDCs,**" while
graphene layers in the 1-(2-cyanoethyl)-2-phenylimidazole
hydrogen sulfate ([CNC,phIm][HSO,])-derived carbon are

mostly arranged in one direction. The graphitelike micro-
structures observed for the highly N-doped carbons without
additional graphltlzatlon requirements such as coméplex graph-
ite-like precursors,"*>*** catalytic graphitization,”** chemical
vapor deposition,**> or very high temperature,**® are
interesting, since it was generally accepted that incorporation
of large number of N atoms in carbon lattice would result in
amorphization of the graphitic network, which may lead to a
bent carbon structure with relatively long interlayer dis-
tance.”®"**> A combined Raman and X-ray photoelectron
spectroscopy (XPS) analysis suggested that the high percen-
tages of pyridinic N with planar structures (in contrast to
quaternary N with a “out of plane” bonding configuration*"”) in
these highly N-doped carbons relax the N content-induced
amorphization, thus resulting in more graphitic structure with
short interlayer distances.*”” IL-derived NDCs with a
combination of very high N content and high graphitic degree
have been shown to result in very hi§h conductivity, even
higher than that of the graphite.”’”** The high graphitic
degree in such IL-derived NDCs also helps to improve the
thermal stability against oxidation.”””*** The oxidation temper-
atures of [CNC,phIm][HSO,]- and [3-CNPy][HSO,]-derived
NDCs recorded in air are significantly higher than those of
furfuryl alcohol and sucrose-derived carbons, and even graphite,
CNTs 468470

To maximize the potential applications of IL-derived NDCs,
it is essential to introduce pores into NDCs since high porosity
facilitates mass transport and diffusion, providing abundant
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Figure 45. (a) Schematic representation of template-free synthesis of mesoporous NDCs by direct carbonization of p-phenylenediammonium
dihydrogensulfate ([pPDA][2HSO,]). (b) Nitrogen sorption isotherms and pore size distributions of mesoporous NDC obtained by direct
carbonization of [pPDA][2HSO,] at 1000 °C. The inset in (b) shows the t-plot. Reprinted with permission from ref 433. Copyright 2015 Elsevier.

DOI: 10.1021/acs.chemrev.6b00504
Chem. Rev. 2017, 117, 7190-7239


http://dx.doi.org/10.1021/acs.chemrev.6b00504

Chemical Reviews

a
),
/
7
ET . ]
]
3
mE 2 -
§ NZ-6
£ 34
>
2
@ 4
- ’
S 1
S 5. = 7 20%PtIC
s~ !
(&)
%1 NZ413
-7 T T T T T T
04 -02 00 02 04 06

Potential (V versus Ag/AgCl)

2

04
14 //
2.
NE 24
L
<
E 3
> NZ-6
w
(=
g 4 ’
3 VI
@ ’
3 NZ-10 g
20UPYC = ===
64
NZ13
-7 T T T T T
08 06 -04 02 00

Potential (V versus Ag/AgCl)

Figure 46. Linear sweep voltammetry (LSV) polarization curves of metal-free porous NDC (NZ-X) catalysts obtained by carbonization of
[C,mim][DCA] mixed with different mass ratio (X) of salt melt (NaCl/ZnCl,) to IL at 1000 °C in (a) O, saturated 0.05 M H,SO, and (b) O,
saturated 0.1 M KOH. LSV curves were recorded at scan rate 10 mV s™* and at rotation speed 1600 rpm. For all measurements, the catalyst loading
is around 0.21 mg cm™ (including Pt/C catalyst). Reprinted with permission from ref 498. Copyright 2014 Royal Society of Chemistry.

active sites for efficient processes such as chemical catalysis and
electrocatalysis. Various porous NDCs with multiscale pore
structures have been specifically designed by template or
template-free carbonization of ILs, including microporous,
ordered/disordered mesoporous, macroporous, and hierarch-
ical porous carbons. Notably, mesopores were generated by
direct carbonization of either aprotic nitrile-containing
imidazolium ILs paired with bulky anions such as [TFSA] or
[BETA]***"*7> or specific PIL/PSs.**® For example, direct
carbonization of 1-cyanomethyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)amide ([MCNIm][TFSA]) produced
mesoporous NDCs with surface areas of up to 780 m”> g”'; the
bulky anions are expected to undergo partial decomposition
and behave as a self-template during carbonization.””® The
cation structure was found to have a profound influence on the
final mesoporous structure and thus the surface area.’”**”" Very
interestingly, mesoporous NDCs with high carbon yield, high
nitrogen content, and excellent mesoporosity can be obtained
by one-step carbonization of a protic salt, p-phenylenediamine
bisulfate ([pPDA][2HSO,]). As shown in Figure 4Sb, the
nitrogen sorption analysis of NDC obtained at 1000 °C exhibits
a typical type IV isotherm with a well-defined H2 hysteresis
loop (p/p, = 0.6—0.9), suggesting the presence of large
mesopores with a very narrow size distribution, as confirmed by
the corresponding pore size distribution (9.2 and 7.0 nm,
respectively, for adsorption and desorption branches) and TEM
images (Figure 45). The high mesoporosity of this carbon was
evidenced by the large mesoporous surface area (508 m”> g™')
calculated by t-plot analysis (Figure 4Sb, inset). Intensive
analysis indicated that the template-free fabrication of
mesoporous NDCs was realized by the hydrogen-bond-assisted
self-assembled structure. During carbonization, [pPDA]-
[2HSO,] served as an “all-in-one” precursor; the anion
[HSO,]™ acted as not only a self-oxidant to accelerate the
polymerization of pPDA but also a unique self-template and
porogen, while the cation [pPDA]* acted as a self-reductive
agent and polymerizable monomer, as well as the carbon and
nitrogen source.

7221

Although a few specific ILs can generate mesoporous NDCs
via direct carbonization, as mentioned above, most ILs,
especially those that can yield carbons with high N content
and high conductivity, result in nonporous structures or very
low surface area via template-free carbonization. For example,
direct carbonization of [C,mim][DCA] at 800 °C produces a
NDC with surface area as low as 3.41 m? g_lfm Therefore, a
conventional templating method has to be adopted in order to
introduce pores in the IL-derived NDCs. The easy carbon-
ization of ILs at ambient pressure, high thermal stability, and
the favorable interactions between most ILs and inorganic
surfaces**>*'”*7* may assist the facile incorporation of ILs into
the voids of templates with a homogeneous coverage and
produce advanced porous NDCs. ILs also provide the
opportunity to greatly reduce the synthesis time of templated
carbons as the impregnation step can be carried out at reduced
pressure. The external templates used for IL precursors can be
mesoporous silica,”””*° colloidal silica,*****>*" silica gel,43'4
noncarbonizable inorganic eutectic salts, "6 =47 metal—organic
frameworks (MOFs)," etc. For example, [C,mim][DCA] in
the presence of SBA-15°""**'~*% or LUDOX HS-40 (12 nm
silica nanoparticles)®’?#00#02 455475486488 0y give rise to
exclusively (ordered or disordered) mesoporous NDCs with
surface areas close to or above 1000 m* g~', while at the same
time, maintaining their high N contents.

6.4. Applications of lonic-Liquid-Derived N-Doped Carbons

6.4.1. Electrocatalysts. Owing to the unique features
including high N content and conductivity, designable porosity,
etc, IL-derived NDCs, especially porous NDCs, have found
potential applications in electrochemical energy storage and/or
conversion, particularly as electrocatalysts for oxygen reduction
reaction (ORR). The high N content is expected to endow
these electroactive carbons with not only high conductivity,
which is beneficial to the electron transfer during electro-
catalysis, but also abundant N dopants that create favorable
positive sites for O, on the adjacent carbons owing to the
electronegativity difference between N and C."° The
developed pores in these electroactive carbons likely facilitate
efficient mass transport and diffusion of reagents and products,
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providing a large amount of accessible active sites for
electrocatalysis. There are many IL-derived NDCs as metal-
free electrocatalysts that exhibited excellent ORR activ-
ity, 1PHHOA9ASA979 Bor example, a series of carbons
possessing both high nitrogen content and large surface area
were obtained through cocarbonization of [C,mim][DCA] and
nucleobases such as adenine, guanine, cytosine, thymine, and
uracil at 1000 °C, wherein the IL behaves as a carbon and
nitrogen source for carbonization, while the nucleobases act as
high N-content additives. Compared to the nonporous carbon
derived from solely [C,mim][DCA] under the same conditions
(N 10.8 wt %), this hard templating method produced
mesoporous NDCs with nitrogen contents of up to 12.0 wt
% and large surface areas of up to 1553 m* g”". As judged from
the polarization curve on a rotating disk electrode (RDE), most
of these carbons exhibit very high ORR activities, with onset
potential, half-wave potential as well limiting diffusion current
density being close to that of the commercial Pt/C. Through
analysis of the plateau currents through Koutecky—Levich (K—
L) plots, one of the obtained carbons has proven to undergo a
four-electron reduction process of O,, thus yielding water as the
main product, as is the case for the Pt-based catalyst. However,
these electrocatalysts only operate well in alkaline electrolyte
and tend to perform poorly in acidic electrolyte. For example,
for the best performing NDC in 0.1 M KOH, when employed
in a 0.1 HCIO, aqueous solution, a high overpotential of 197
mV as compared with Pt/C is observed.**> Simply lowering the
carbonization temperature of the above process from 1000 to
800 °C results in a much smaller surface area (~320 m* g™").
Interestingly, the obtained mesoporous NDC is highly active
for the selective electrochemical reduction of oxygen to
hydrogen peroxide (O, + 2H* + 2e” — H,0,) even in an
acidic medium (0.1 M HCIO,). Such a nearly ideal two-
electron process for the ORR was ascribed to a combination of
the increased nitrogen content, the “radical” character of NDC,
and the pyrrolic N sites within the carbon material.*”
Replacing the silica template by a more easily removable “salt
template” such as the eutectic salt mixture of NaCl/ZnCl, was
found to not only simplify the whole synthetic process but also
result in a highly efficient ORR electrocatalyst in both alkaline
(0.1 M KOH) and acidic (0.05 M H,SO,) electrolytes.””®
Particularly, when the mass ratio of salt melt to IL is 13, the as-
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prepared sample NC-NZ-13 (carbonized at 1000 °C) shows
outstanding activity with a half-wave potential equal to the Pt/
C catalyst at the same loading. A high electrocatalytic activity
was also observed in acidic medium (Figure 46). Moreover,
both K—L plots and rotating ring-disk electrode (RRDE) data
revealed that the transferred electron number was close to 4 at
different potentials in both electrolytes. The observed excep-
tional electrocatalytic activity of NC-NZ-13 is ascribed to the
combination of the aerogel-like structure with an improved
porosity together with a high catalytically active surface. The
small size of primary particles along with the relatively small
stacking of the graphitic carbon increased the concentration of
accessible active sites. Furthermore, the aerogel-like morphol-
ogy provides a wide interstitial pore system which decreases the
diffusion limitations while the particle interconnection is
sufficient to maintain high electrical conductivity.*”®

Instead of the sophisticated templating method, template-
free carbonization of either protic ILs*"” or specific cyano/
nitrile-containing ILs can also yield porous NDCs as metal-free
electroctalysts.**” For example, direct carbonization of amino-
acetonitrile hydrogen sulfate results in a N,S-codoped porous
carbon with high surface area (1380 m® g™'), which showed
excellent electrocatalytic activity toward ORR, with both onset
and half-wave potential being very close to that of commercial
Pt/C. The calculated peroxide yield was <15%, and the average
electron-transfer number was >3.7.**° In contrast, hierarchical
micro- and meso-porous NDCs resulting from specific cyano/
nitrile-containing ILs showed a much inferior ORR activity,
while both the ORR activity and kinetics were found to be
strongly correlated with the pore size distribution.”” Other
than metal-free NDCs, IL-derived Fe-, N-, or Co-, N-codoped
carbon electrocatalysts were also found to be highly efficient for
ORR. Such carbon materials are usually obtained by carbon-
ization of either task-specific ILs (Figure 44) containing a metal
ion in either the cations*' or anions**® or ILs in the presence
of metal-containing precursors.*’***” In addition to ORR, IL-
derived NDCs can be used as electrocatalysts for oxygen
evolution reaction (OER),”*>*°" hydrogen evolution reaction
(HER),”**> and methanol oxidation,*'**&##73037505 More
attractively, a mesoporous NDC obtained by carbonization of
N-butyl-3-methylpyridinium dicyanamide with LUDOXHS-40
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template can serve as a bifunctional metal-free catalyst for ORR
and OER.*"!

6.4.2. Lithium Battery Electrodes. IL-derived NDCs have
also found potential applications as electrodes for Li-ion
batteries,**>*%°0%506=510 1 5 culfur batteries,” ' ™' and Li—air
(oxygen) batteries.”””>°"*'* For example, they can be directly
used as anode materials for Li-ion batteries, demonstrating an
initial discharging capacity of more than 3000 mA h ¢! at a
current density of 1 A g™, with nearly 100% capacity retention
after 100 cycles. Nevertheless, less than half of the initial
discharging capacity can be obtained in the following charging
process.”"> The very low initial Coulombic efficiency (<50%)
was attributed to their high surface areas and irreversible Li
insertion in the vicinity of residual hydrogen atoms in
carbonaceous materials.’'®

An alternative route to improve the initial Coulombic
efficiency is to use ILs as precursors to form a NDC coating
in situ on state-of-the-art anode materials for Li-ion
batteries."****° For example, simply mixing Li,TisO;, and
[C,mim][DCA] with a subsequent carbonization at 600 °C
created a NDC-coated porous anode, which clearly showed
higher rate capability and charge/discharge capacities than the
pristine Li,TisO, and Li,Ti;O,, coated with a sugar-derived
non-N-doped carbon. Undoubtedly, the improved performance
originated from the significant electron transfer from the
Li,TisO,, surface to the NDC coating layer and the improved
interfacial stability.**> Using either cyano/nitrile-containing ILs
or noncarbonizable ILs as precursors, the IL-based carbon
coating method can be applied to a series of cathode or anode
materials such as metal oxides,*'***'”*'® LiFePQ,,** and
LizV,(PO,);. >

The same concept can also be extended to Li—S batteries.
Li—S batteries are believed to be one of the most promising
“beyond Li-ion” technologies because of their very high
theoretical capacities (1672 mA h g™') and energy densities
(2600 Wh kg™' or 2800 Wh L™"). However, their practical
application has been dramatically hampered by the electroni-
cally insulating nature of sulfur and Li,S as well as the serious
shuttle effect in polysulfide-soluble electrolytes.””® Using
[C,mim][DCA] as a precursor, Wang et al. successfully
encapsulated insulating Li,S with an uniform and dense NDC
cage coating.512 As illustrated in Figure 47, IL was first
penetrated into an agglomerated nano-Li,S particle and
polymerized at low temperature and then carbonized at high
temperature. Due to the high mobility of [C,mim][DCA], it is

512
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easy to achieve sufficient immersion and therefore form a
uniform carbon coating on Li,S. Meanwhile, the oxygen-free
nature of [C,mim][DCA] would effectively avoid the
generation of H,O and thus avoid the side reaction between
Li,S and H,O in the pyrolysis process. The resultant dense
NDC layers on the Li,S nanoclusters not only shortened the
lithium ion diffusion distance and lowered charge transfer
resistance but also entrapped the intermediate product within
the carbon cage, thus preventing the shuttle effect of lithium
polysulfides. As a result, compared to commercial micro-Li,S
and pure nano-Li,S, the NDC-coated nano-Li,S cathode
displays a high utilization of active material (826 mAh g™' at
0.1 C), long cycling stability (82% of capacity retention after
500 cycles at 1 C) with near 100% Coulombic efficiency.”"
6.4.3. Supercapacitor Electrodes. Supercapacitors have
attracted considerable interest in both academia and industry
because of their distinct advantages such as higher power
density induced by a fast charging/discharging rate and a long
cycle life when compared to batteries and fuel cells.”'” Unlike
simple porous carbons, whose supercapacitor performance is
limited as its charge storage mechanism mainly depends on
adsorption of electrolytes onto the surface, NDCs afford an
additional mechanism of charge storage known as pseudoca-
pacitance, in which the charge is stored through a rapid surface
reaction.”””>*! Incorporating N atoms into the carbon lattice is
also able to partially modify the hydrophobic surface of carbon
materials and enhance the wettability and thus the specific
capacitance.””*>** IL-derived NDCs are therefore considered
to be promising electrode materials for supercapacitors.
Generally, they were obtained by direct carbonization of
ILs,"""** templated carbonization of ILs,*>*"**** or IL-doped
carbonization. "~ ***#**9*51 Through direct carbonization of
[C,mim][DCA] (IL-C) with subsequent chemical activation
(KOH) of the IL-C carbon, Roh et al. obtained a NDC (IL-
AC) with large surface area and partial graphitic structure. Since
KOH activation always deteriorates the graphitic structure, the
graphitic features of IL-AC were unexpected and were ascribed
to the following reasons: (i) the intrinsically high graphitic
degree of IL-C contributed to the formation of graphitic
features of IL-AC to some extent and (ii) the exclusion of
nitrogen during activation contributes to the partial collapse of
the overall structure, leading to a graphitic structure and
nanopores in IL-AC. As expected, this highly nanoporous and
partially graphitic IL-AC showed specific capacitance of 180,
174, and 172 F g_1 at current densities of 0.1, 0.2, and 1.0 mA
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cm™?, respectively, much hi%her than that of the commercial
activated carbon and IL-C.>* In the case of electrode materials
obtained by IL-doped carbonization, the IL content in the
precursor mixture was found to greatly affect the resistance,
structural integrity, and specific capacitance of the porous
electrodes, as exemplified by mesoporous NDCs obtained by
direct carbonization of [C,mim][DCA] and phenol-form-
aldehyde resol in the presence of silica spheres template.***
As shown in Figure 48, with increasing the IL content from 0
(0_IL) to 100% (100 IL), then N content monotonously
increased, reaching a maximum of 12.0 wt % in 100_IL.
Interestingly, the lowest resistance was observed when 50% IL
was doped in the precursor mixture, while at higher nitrogen
content, the resistance increases significantly (Figure 48a),
which could be due to the loss of the bicontinuous structure
and the smaller graphitic domains, as confirmed by nitrogen
sorption isotherms and Raman spectra. Correspondingly, the
specific capacitances of 50_IL are higher than all of the other
carbons in the whole current density range from 0.1 to 10 Ag™"
(Figure 48b). Its specific capacitance is 237 F g_l at 0.1 A g™
and over 190 F g™! after 1100 cycles at 1 A g~'.*** DES-derived
carbons are also promising for supercapacitors because porous
carbon monoliths can easily be formed if combining DESs with
traditional organic precursors such as poly(furfuryl alcohol) and
resorcinol. Introducing dopants such as CNTs*** or phosphate
heteroatoms**® have proven to improve the electrical
conductivity or broaden the operational voltage window of
the electrode, respectively.

7. ENDING REMARKS AND OUTLOOK

We have reviewed in this article applications of ionic liquids to
energy storage and conversion materials and devices by
specifically focusing on the applications as electrolyte materials
for Li/Na ion batteries, Li-sulfur batteries, Li-oxygen batteries,
and nonhumidified fuel cells and as carbon precursors for
electrode catalysts of fuel cells and electrode materials for
batteries and supercapacitors. The number of publications on
those topics is greatly increasing reflecting the strong demand
for a sustainable society. Due to characteristic properties such
as nonvolatility, high thermal stability, and high ionic
conductivity, ionic liquids appear to meet the strong demand.
However, for further development, specific applications for
which these characteristic properties become unique (i.e., not
easily achieved by other materials) must be explored.

In the initial stage of the study on the electrolyte materials
for Li ion batteries, special attention was paid to the
nonvolatility and the resulting low flammability of ionic liquids,
for which safety issues of the batteries would be greatly
improved. However, it was immediately discovered that the
performance of the batteries is frequently impaired even if the
safety issues can be improved. Application of ionic liquids to
electrolytes of “beyond Li ion” batteries appears to utilize
unique properties of ionic liquids. For instance, in Li-sulfur
batteries, the quite low coordinating properties of ionic liquids
are exploited in order to suppress the dissolution of the
electroactive materials into the electrolytes. For Li-oxygen
batteries that are open to oxygen (air), nonvolatility of
electrolytes seems to be a prerequisite for the electrolyte
materials. These two examples utilize unique properties of ionic
liquids, and no other materials appear to be easily adopted. The
fuel cell electrolytes exploit the electrochemical activity of
protic ionic liquids for fuel cell reactions as well as taking
advantage of the high thermal stability. Precursors of carbon
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materials are conventionally natural and synthetic polymers.
However, the finding that certain ionic liquids can be
precursors of carbon materials opened up their unique
applications. Their liquid state allows them to be easily coated
and homogeneously carbonized on any surfaces. Such
processing has not been possible for the conventional polymer
precursors.

The importance of energy storage and conversion materials
and devices will enhance even more in the future. Through
strong demands for research and consideration of ILs unique
properties, we will be able to identify indispensable applications
for ILs.
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