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Abstract

The Li[FSA]-[C,C,im][FSA] (FSA: bis(fluorosulfonyl)amide and C,Ci;im": 1-ethyl-3-
methylimidazolium) ionic liquids have been studied as electrolytes for Li secondary batteries, though
their thermal, physical, and electrochemical properties have not been systematically characterized. In
this study, the thermal and transport properties of Li[FSA]-[C,C;im][FSA] ionic liquids as a function of
the Li[FSA] molar fraction and temperature, in view of their operation at both room and intermediate
temperatures. Differential scanning calorimetric analysis revealed that this system has a wide liquid-
phase temperature range from Li[FSA] fractions of 0.0 to 0.4 and indicated the existence of the
Li[C,Cyim][FSA]; line compound. Single-crystal X-ray diffraction analysis was used to determine the
crystal structure of Li[C,C;im][FSA],, which consists of Li" octahedrally coordinated by six O atoms
originating from four FSA anions. The temperature dependences of the viscosity and ionic conductivity
were fitted by the Vogel-Tammann—Fulcher equation, and the viscosity and molar ionic conductivity
were connected by the fractional Walden rule. Lithium-metal deposition/dissolution efficiency
decreased with increasing measurement temperature and decreasing Li[FSA] fraction. Aluminium
corrosion at positive potentials was investigated by a potential step method, which revealed that the
stability of an aluminium electrode was improved at high Li[FSA] fractions at 298 K and the corrosion-

limit potential decreased at elevated temperatures.



Introduction

Recently, there have been remarkable developments in energy-storage technology all over the world
with Li secondary batteries being one of the most widely used energy-storage devices under various
circumstances owing to their high power and energy densities.'"” Ionic liquids, which exclusively
consist of ions and, therefore, possess intrinsic ionic conductivity, are considered to be alternative non-
aqueous electrolytes for various energy-storage devices.*’ Their unique properties such as low volatility,
low flammability, and a wide liquid-phase temperature range enable the construction of reliable high-
power and high-energy devices.® "

Both bis(trifluoromethylsulfonyl)amide (TFSA ) and bis(fluorosulfonyl)amide (FSA ) anions have
been used in electrochemical applications, with FSA now widely used as a counteranion for designing
ionic-liquid electrolytes.!" Most ionic liquids have high viscosities that are more than an order of
magnitude greater than those of popular organic electrolytes. However, FSA -based ionic liquids tend to
exhibit relatively low viscosities (e.g. 18 mPa s for [C,C;im][FSA] (C,C;im" = 1-ethyl-3-
methylimidazolium) at 298 K) and, thus, high ionic conductivities (e.g. 15.4 mS cm * for
[C,Ciim][FSA] at 298 K)."> Furthermore, stable alkali-metal deposition/dissolution and Li*
intercalation/deintercalation into/from graphite are possible in FSA -containing ionic liquids without
any additives, which makes them attractive electrolytes for secondary batteries.’>*® A recent report
attributed this high stability against reduction to the unusually low reactivity of the -SO,NX" radical
anion intermediate.”® Consequently, the electrochemical behavior of a number of electrode materials
including graphite, Si, LiCoO,, LiFePO,4, and LiMn;;3Co0,,3Ni;;30, has been examined in FSA -based or
FSA™-TFSA -mixed ionic liquids in view of their potential application in Li secondary batteries.*’*

Understanding the basic thermal, physical, and electrochemical properties of ionic liquids is
important for selecting an appropriate ionic liquid electrolyte for specific applications. The thermal and
physical properties of FSA™ single salts and binary mixture of FSA™ salts containing Li" have been
investigated previously. Most FSA single salts with organic cations exhibit low melting points

compared to the corresponding salts with popular anions for ionic liquids.'> ' 2% 3*3° Nalkyl-N-



methylpyrrolidinium FSA salts either in the form of FSA  salts or of FSA -TFSA mixed salts, are the
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most intensively studied in this series of ionic liquid electrolytes for Li secondary batteries.
Li[FSA]-[C3Cpyrr][FSA] (CiCipyrr’ = N-methyl-N-propylpyrrolidinium) binary system exhibits a
wide liquid-phase temperature range and acceptable ionic conductivity.’” Extension of the alkyl chain to
C4Cipyrr (C4Cipyrr™ = N-butyl-N-methylpyrrolidinium) results in disappearance of the crystallization
peak at high Li[FSA] concentrations and decrease of the liquidus temperature, though an increase in
viscosity is also inevitable. Compared to the FSA system, the TFSA analogues, e.g. Li[TFSA]-
[CsCipyrr][TFSA] and Li[TFSA]-[C4C pyrr][TFSA], crystallize more easily and have lower ionic
conductivities.'>** **** Some line compounds have been detected crystallographically at specific ratios
in such systems. For example, in the crystal structures of Li,[C4Cipyrr][TFSA]; and
Li[C3Cpyrr][TFSA]s, which are isostructural with each other, Li" is coordinated by four or five TFSA™
O atoms, including two bidentate TFSA™ anions in the case of the five-coordination structure.*
Although the electrochemical stability of imidazolium-based ionic liquids is lower than that of
pyrrolidinium-based ionic liquids when using the TFSA™ anion, which prevents their use in practical
batteries, the presence of FSA in these ionic liquids improves their electrochemical stability, as stated
above. The high ionic conductivities of imidazolium-based ionic liquids are highly beneficial for high-
rate charging and discharging. However, there has been no systematic characterization of the Li[FSA]-
[C,Ciim][FSA] binary system in terms of its thermal and transport properties as a function of the
Li[FSA] fraction (x(Li[FSA]). Thus, we report here the detailed phase behavior and physical properties
of this system. The ion-ion interactions and packing mode of the 1:1 salt (Li[C,C;im][FSA];) are also
discussed based on its X-ray crystal structure. Electrochemical Li deposition/dissolution and Al
corrosion behavior in this ionic liquid were examined by cyclic-voltammetric and potential-step
methods. The corrosion of Al metal current collectors sometimes causes significant problems during cell
operation, especially in electrolytes with sulfonylamide salts, and understanding the concentration and
temperature dependence of this process is important from a practical perspective.*' One of the important

targets related to this study is the intermediate-temperature operation of Li secondary batteries. Our



previous works on Li and Na secondary batteries demonstrated several benefits of intermediate-
temperature operation (298—423 K), such as operation under hot environments and the use of waste
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heat. For such applications, investigating the temperature dependence of the physical and

electrochemical properties of ionic liquid electrolytes is vitally important.

Experimental section

General experimental procedure. All non-volatile materials were handled in a drybox under an
atmosphere of dry Ar. The ionic liquid [C,C;im][FSA] (Kanto Chemical Inc., water content < 20 ppm)
and Li[FSA] (Kishida Chemicals Co., Ltd., water content < 20 ppm) salts were dried under vacuum at
353 K.

Analysis. Differential scanning calorimetry (DSC) was performed using a DSC-8230 Thermo Plus
EVO II Series (Rigaku Corp.) at a scan rate of 5 K min*. The samples for DSC were sealed in an
airtight Al cell under an atmosphere of dry Ar. The viscosities of the ionic liquids were measured using
a DV2T cone and plate rheometer (Brookfield Engineering Laboratories) under an atmosphere of dry air.
Ionic conductivities were measured using AC impedance with a 3532-80 impedance analyzer (Hioki
E.E. Corp.). The samples for the ionic conductivity measurements were sealed in an airtight T-shaped
cell equipped with stainless-steel disk electrodes under an atmosphere of dry Ar. The cell was set in an
SU-241 thermostatic chamber (ESPEC Corp.). Densities were measured using a DMA 4500M
oscillating U-tube density meter (Anton Paar GmbH). Water contents were measured using the Karl-
Fischer titration method (899 Coulometer, Metrohm). The surface of anodically polarized Al electrodes
was analyzed by SU-8020 field-emission scanning electron microscopy (FE-SEM) and energy
dispersion X-ray (EDX) spectrometry (Hitachi High-Technologies). The FE-SEM and EDX samples
were washed with tetrahydrofuran in a drybox after electrochemical measurements and transferred into
the vacuum chamber without exposure to the air.

Electrochemical measurements were performed using a VSP-300 system (BiolLogic). The

electrochemical window was tested by cyclic voltammetry measurements in a three-electrode system



with Cu disk, glass like carbon disk, and Al plate working electrodes. The reference and counter
electrodes were Li metal immersed in the ionic liquid. The Li deposition/dissolution cycle efficiency
(ecycle) Was evaluated in a two-electrode cell at a current density of 1.0 cm 2 using a Hokuto Denko
HJ1001SD8 system. Lithium metal of 1.0 C cm™ was first deposited on a Cu substrate and Li
dissolution and deposition of 0.2 C cm 2 was repeated until the electrode potential reached 0.5 V vs.

Li*/Li during the dissolution. The eccie Value was calculated according to Eq. (1):

Neff ) Qcycle
€ = Eq. (1)
cyete Qex + Neff ) Qcycle

where N is cycle number until the electrode potential reached 0.5 V vs. Li'/Li, Ocyele 15 the electric
charge for Li deposition/dissolution (0.2 C Cmfz), and Qe is the extra amount of electricity theoretically
not necessary (0.8 C Cmfz). Aluminum corrosion was tested using a potential-step method with a Li/Al

two-electrode coin-cell (2032 type) setup.

Single-crystal X-ray diffraction. Single-crystal X-ray diffraction measurements were performed using
a R-axis Rapid Il diffractometer (Rigaku Corporation) controlled by RAPID AUTO 2.40 software.*
Crystals of  Li[C,Ciim][FSA], were grown from the dichloromethane  solution
(Li[C,C1im][FSA],:dichloromethane = 10:1 in volume (Li[C,Ciim][FSA], melts just above room
temperature)) by slowly cooling from 298 K to 243 K at a rate of 2.3 K h™*. A selected crystal was then
fixed on a quartz pin with pefluoropolyether oil under a dry air atmosphere and mounted on the
diffractometer under a cold dry-nitrogen flow. Data collection was performed at 113 K and consisted of
12 @ scans (130-190°, 5° per frame) at fixed ¢ (0°) and y (45°) angles and 32 w scans (0-160°, 5° per
frame) at fixed ¢ (180°) and y (45°) angles. The X-ray output was 50 kV—40 mA and the exposure time
was 400 s deg . Integration, scaling, and absorption corrections were performed using RAPID AUTO

2.40 software. The structure was solved using SIR-92 and refined by SHELXL-97*" linked to Win-



GX*. Anisotropic displacement factors were introduced for non-hydrogen atoms and hydrogen atoms

were treated using an appropriate riding model.

Results and discussion
Thermal transitions. Figure 1 shows DSC curves at x(Li[FSA]) = 0.3, 0.5, and 0.8 and a summary of
the DSC analysis for the Li[FSA]-[C,C;im][FSA] system. Table 1 lists the corresponding DSC data

(see Figures S1—S9, Supporting Information).
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Figure 1 Differential scanning calorimetric curves at x(Li[FSA]) = (a) 0.3, (b) 0.5, and (c) 0.8 and (d)
the resultant phase diagram for the Li[FSA]-[C3Cipyrr][FSA] system (see Supporting Information for
the DSC curves at the other Li[FSA] fractions). Ti,;: the onset temperature of melting, 7,: the end
temperature of melting, 7,,,;’: the onset temperature of melting for the metastable phase, 7;.,,’: the end
temperature of melting for the metastable phase, and 7: glass transition temperature.



Table 1 DSC transition temperatures for the Li[FSA]-[C,C,im][FSA] binary system. Enthalpy changes
(/ kJ mol™?) for the transition are given in parentheses

X(Li[FSA]) T/ K Tm2 / K T’/ K Tm2’ /K Tq/ K
0.0 260 (9.3) 270 n.d. n.d. n.d.
0.1 257 (8.9) 267 n.d. n.d. 193
0.2 224 (2.8) 254 n.d. n.d. 182
0.3 n.d. n.d. n.d. n.d. 187
0.4 n.d. n.d. n.d. n.d. 194
0.5 305 (11) 314 n.d. n.d. 200
0.6 273 (8.4) 311 n.d. n.d. 203
0.7 280 (2.9) 410 n.d. n.d. 214
0.8 n.d. (5.5) 417 296 314 n.d.
0.9 n.d. (7.2) 416 291 307 n.d.
1.0 413 (11) 419 n.d. n.d. n.d.

% Tmi: the onset temperature of melting, T2 the end temperature of melting, Tmi: the onset
temperature of melting for the metastable phase, Tm2’: the end temperature of melting for the
metastable phase, Tq: glass transition temperature, and n.d.: not detected.

A wide liquid-phase temperature range around room temperature was observed between 0 <
x(Li[FSA]) < 0.4. The supercooled ionic liquid formed the glass state at x(Li[FSA]) = 0.1, 0.2, 0.5, 0.6,
and 0.7. The DSC analysis indicated that no crystallization occurred when x(Li[FSA]) = 0.3 and 0.4,
which is the so-called crystallinity gap, and only the glass transition was observed (Figure 1 (a)).
Although it is hard to predicate that these compositions thermodynamically do not form the crystalline
state, there was no sign of crystallization even after refrigeration at 255 K for four weeks. The glass-
transition temperature increases with increasing x(Li[FSA]), suggesting a low ion mobility at high
Li[FSA] concentrations in the liquid state. During the heating scan from the supercooled state, the DSC
curve for x(Li[FSA]) = 0.5 exhibited a sharp crystallization peak followed by a melting peak (Figure 1
(b)), indicating the existence of the 1:1 line compound Li[C,C1im][FSA], (see below for the crystal
structure of this compound). Several kinds of line compounds have previously been reported for some
lithium sulfonylamide systems. In the Li[TFSA]-[C,Ciim][TFSA] (C.Ciim" = 1-alkyl-3-
methylimidazolium) system, the 1:1 phase was observed for C;C;im* but not for C,C1im" and C,Cyim”

(namely, Li[C1C1im][TFSA]).*® Instead, the Li[TFSA]-[C,C.1im][TFSA] system possesses a 2:1 phase



(Lio[C2C1im][TFSA]s).* During the heating scan, crystallization and melting of a metastable phase was
observed when x(Li[FSA]) = 0.8 and 0.9 (Figure 1 (c)). Such metastable phases have not been reported
not for the imidazolium-based Na analogue Na[FSA]-[C,C1im][FSA],> but have been reported for the
pyrrolidinium-based Na analogue Na[FSA]-[CsCipyrr][FSA].>! The end temperatures of melting for
these metastable phases (Tm,” =314 K for x(Li[FSA]) = 0.8 and 307 K for x(Li[FSA]) = 0.9) are close to
that for x(Li[FSA]) = 0.5 (Tm2 = 314 K), indicating that the metastable phases appear as the

Li[C,C1im][FSA], double salt and melt to produce the thermodynamically stable state.

X-ray crystal structure of Li[C,Ciim][FSA],. The crystal structure of Li[C,C;im][FSA],,
corresponding to the crystal phase at x(Li[FSA]) = 0.5 in Figure 1, was determined by single-crystal X-
ray diffraction measurements (see Table S1 for crystallographic data and refinement results). The
disordering mode of C,C;im", coordination environment of Li", and packing diagram for this compound
are summarized in Figure 2. The asymmetric unit contains a cation and anion pair (Figure S10), where
C,Ciim" is disordered in two positions correlated with the crystallographic inversion center located
between the imidazolium rings (Figure 2 (a)). The FSA anion in this compound adopts the cis-
structure,”>™ i.e. the two F atoms are on the same side relative to the plane defined by the S—N—S bonds
(F—S---S—F torsion angle of —6.81(9)°). The O3 and F2 atoms in FSA ™ have large and highly anisotropic
displacement factors, which reflects their slight disordering in the lattice. A similar but more significant
disordering mode was reported in Cs[FSA].” The Li" cation is octahedrally coordinated by six O atoms
in FSA™ (Li--O distances range: 2.0717(12)-2.1717(13) A; O-Li--O angle range: 86.03(5)—93.97(5)°)
(Figure 2 (b)). Two FSA™ anions coordinate to Li" in a bidentate manner, while two other FSA™ anions
coordinate in a monodentate manner and bridge two other Li" ions. The coordination number of six is
not very common for Li" although some examples are known such as Li[FSA],” [Li(H,0)][TFSA],”’

and Li[C,C,im][TFSA],”®. This is in contrast to the lower coordination number in the liquid state of this

system, as estimated by Raman spectroscopy and computational chemistry studies.”
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Figure 2 The X-ray crystal structure of Li[C,Ciim][FSA], determined at 113 K: (a) the disordering
mode of C,Ciim”, (b) the coordination environment of Li* (Li--O distances: 2.0717(12)—2.1717(13) A;
O---Li---O angle: 86.03(5)—93.97(5)°), and (c) the packing diagram.

Comparison of the coordination states of Li" in Li[FSA] (6-coordinated),”® Li[C>C,im][FSA], (6-
coordinated), Li[TFSA] (4—coordinated),59 Li,[C,Cim][TFSA]; (5—coordinated),49 Li[C,Cim][TFSA],
(6-coordinated),* and [Li(H,O)][TFSA] (6-coordinated)’’ is made using the bond valence sum (BVS)
method and the results are summarized in Table S2. The BVS method is a facile and quantitative way to
evaluate the coordination state of an atom in a crystal lattice (see details in Supporting Information).**®!
The BVS value for Li" in Li[C,C,im][FSA],is 1.050, which is close to those for Li[FSA] (1.025, 1.081,
and 1.081) and that for Li[TFSA] (1.050), suggesting that the octahedral coordination in
Li[C,C;im][FSA]; is not an unusual coordination state. The Li" in [Li(H,O)][TFSA], with an average
BVS of 0.978, is under-coordinated compared to the aforementioned cases. The BVS value of 1.142 for

Li;[C,C1im][TFSA]; is remarkable in this series, implying the over-coordination of Li" in this 5-

coordinated state.
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In the Li[C,C,im][FSA]; crystal lattice (Figure 2 (c)), the aforementioned Li~ and FSA™ interaction
leads to the formation of a 3D-network structure, with C,Ciim" filling the space in the network by
weakly interacting with the O atoms in FSA  through C—H--O interactions. This packing mode may be
called a layered structure but the boundary of the two layers (polar and apolar regions) is not clear
compared with some other known TFSA salts such as Li,[C,C;im][TFSA];. The Li[C,C;im][TFSA],

structure is also known to display a structure without a clear layered structure.

Physical properties. Figures 3, 4, and 5 show the temperature dependence of the density (p),
viscosity (), and ionic conductivity (o), respectively, of the Li[FSA]-[C,C;im][FSA] system and
Tables 2, 3, and 4 list the corresponding data. The density of this system displays a linear dependence

on temperature from 278 K to 358 K, which can be fitted by the following equation (Eq. (2)):

p=AT+ B Eq. (2)

The A parameters (gradient) for LI[FSA]-[C,C1im][FSA] are negative, suggesting that the density
decreases with increasing temperature, and they tend to slightly decrease with increasing x(Li[FSA]).
The B parameters (intercept) are positive and increase with increasing x(Li[FSA]), which implies that
the addition of x(Li[FSA]) leads to the increase in density as differences in slope (4 parameter) are not
large. The molar concentration of the Li[FSA]-[C,C;im][FSA] system was calculated at different
x(Li[FSA]) values from the density and formula weight, as summarized in Table 5. The molar
concentration at x(LifFSA]) = 0.4 reaches 2.529 mol L' at 298 K and 2.428 mol L' at 358 K, which is

advantageous for Li" transport in practical cells.
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Figure 3 Density of the Li[FSA]-[C,C;im][FSA] ionic liquid for x(Li[FSA]) values of 0.0-0.4.
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Figure 4 Arrhenius plots of the viscosity of the LI[FSA]-[C,C1im][FSA] ionic liquid for x(Li[FSA])
values of 0.0-0.4.
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Figure 5. Arrhenius plots of the ionic conductivity of the Li[FSA]-[C,Ciim][FSA] ionic liquid for
X(Li[FSA]) values of 0.0-0.4.

Table 2 Density of the Li[FSA]-[C.C,im][FSA] ionic liquid
Density / g cm °

Temperature X(Li[FSA])

/K 0.0 0.1 0.2 0.3 0.4
278 1.460 1.488 1.521 1.557 1.598
288 1.451 1.478 1.511 1.547 1.588
298 1.442 1.469 1.501 1.538 1.578
308 1.433 1.460 1.491 1.528 1.568
318 1.424 1.451 1.481 1.518 1.557
328 1.415 1.441 1.471 1.508 1.547
338 1.406 1.432 1.460 1.498 1.536
348 1.397 1.423 1.450 1.488 1.523
358 1.388 1.414 1.440 1.478 1.515

Ax10*? —9.00 —-9.19 —10.08 -9.94 -10.57
B®? 1.71 1.74 1.80 1.83 1.89

# The symbols A and B are the constants in Eq. (2) for the temperature dependence of density.
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Table 3 Viscosity of the Li[FSA]-[C,C,im][FSA] ionic liquid

Viscosity / mPa s

Temperature X(Li[FSA])
/K 0.0 0.1 0.2 0.3 0.4
278 38.3 53.7 81.0 129.3 252.1
288 26.4 35.8 54.5 81.3 141.9
298 19.2 25.3 36.3 53.1 87.4
308 14.4 18.5 26.0 36.7 57.5
318 11.1 14.1 19.3 26.7 40.1
328 8.9 11.0 14.8 20.0 29.0
338 7.2 8.8 11.5 15.4 21.8
348 5.9 7.1 9.2 12.2 16.7
358 4.9 5.9 7.4 9.7 13.1

Table 4 lonic conductivity of the Li[FSA]-[C,C1im][FSA] ionic liquid

lonic conductivity / mS cm ™"

Temperature X(Li[FSA])
/K 0.0 0.1 0.2 0.3 0.4
238 - - - - -
248 - - - - -
258 3.6 2.5 1.7 0.9 -
268 5.8 4.1 3.0 1.8 -
278 8.6 6.4 4.8 3.1 1.7
288 12.1 9.2 7.2 4.9 2.9
298 16.1 12.6 10.1 7.2 4.6
308 20.7 16.3 13.5 9.9 6.6
318 25.7 20.7 17.3 13.2 9.0
328 31.1 25.7 21.8 16.8 11.9
338 37.5 30.7 26.6 20.9 15.1
348 43.9 36.4 315 25.2 18.7
358 51.0 425 36.9 30.3 22.8
368 57.9 49.0 43.2 354 27.1
378 67.1 - - - -

388 75.0 - - - -




Table 5 Molar concentration of the Li[FSA]-[C,C1im][FSA] ionic liquid
Molar concentration / mol L™

Temperature X(Li[FSA])

/K 0.1 0.2 0.3 0.4

278 0.530 1.125 1.796 2.561
288 0.526 1.117 1.785 2.545
298 0.523 1.110 1.774 2.529
308 0.520 1.103 1.763 2.513
318 0.517 1.095 1.751 2.495
328 0.513 1.088 1.740 2.479
338 0.510 1.080 1.728 2.461
348 0.507 1.072 1.717 2.441
358 0.503 1.065 1.705 2.428

The viscosity and ionic conductivity of the Li[FSA]-[C,C;im][FSA] system do not exhibit Arrhenius-
type temperature dependence. Instead, they are well-fitted by the Vogel-Tammann-Fulcher (VTF)

equation®** (Egs. (3) and (4)):

— B”
n(T) = A,VT exp <T — TOn) Eq.(3)
o(T) = ﬁexp <— 5o ) Eq.(4)
\/T T — TOO‘

The A,, B,, To, A, B, and Ty, fitting parameters were determined by mathematical fitting (see
Tables S3 and S4 for the fitting parameters (R* > 0.99)). Similar “fragile-liquid” behavior has also been
reported for a range of other ionic liquids.®®" The ionic conductivity of neat [C,C;im][FSA] at 298 K

was 16.1 mS cm ', which is close to previously reported values'* ** '

and higher than that of neat
[C5Cipyrr][FSA] (8.0 mS cm ™). The ionic conductivity of 10.1 mS cm ™' at 298 K for x(Li[FSA]) = 0.2
(molar concentration of 1.110 mol L") is reasonably high compared to those of nonaqueous electrolytes
containing 1 M of Li salt used in Li secondary batteries. Although increasing x(Li[FSA]) results in

decreased ionic conductivity owing to the viscosity increase, this drawback can be compensated by

elevating the temperature, which enables the operation of ionic liquid electrolytes at high Li" contents.
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For example, when x(Li[FSA]) = 0.2, heating enhances the ionic conductivity from 4.6 mS cm ' at 298
Kto22.8mScm ' at368 K.
For many ionic liquids, molar ionic conductivity (1), which is calculated from ionic conductivity and

molar concentration, is correlated with viscosity as expressed by the Walden rule (Eg. (5)):%> %7

in=C Eq. (5)

where C is a constant. The Walden rule gives useful information on the dynamic properties of ionic
liquids and is interpreted using the Walden plot of logarithmic molar conductivity versus logarithmic
reciprocal viscosity. Figure 6 shows the Walden plot for the Li[FSA]-[C,C1im][FSA] system. Deviation
of the gradient from unity requires modification of the Walden rule. In such cases, the fractional Walden

rule can be introduced (Eq. (6)):

Iyt =C’ Eq. (6)

where C’ is another constant. The a parameter is the decoupling constant, which corresponds to the
Walden-plot gradient and ranges from zero to one. The C’ parameter corresponds to the Walden-plot
intercept, and a small C” value means a shift of the plot to the bottom in the graph and occurs by greater
association of the ions in an ionic liquid. The a parameters for the present Li[FSA]-[C,C1im][FSA]
system are nearly constant (0.89 for x(Li[FSA]) = 0.0, 0.88 for x(Li[FSA]) = 0.1, 0.87 for x(Li[FSA]) =
0.2, 0.89 for x(Li[FSA]) = 0.3, and 0.89 for x(Li[FSA]) = 0.4) and close to or slightly smaller than the
typical values for neat ionic liquids (0.90—0.95)."*" The C’ parameter fluctuates slightly in this series
(-0.13 for x(Li[FSA]) = 0.0, —0.15 for x(Li[FSA]) = 0.1, —0.13 for x(Li[FSA]) = 0.2, —0.17 for
X(Li[FSA]) = 0.3, and —0.19 for x(Li[FSA]) = 0.4) but appears to generally decrease with increasing

x(Li[FSA]). This trend can be reasonably explained by the introduction of Li*, which is a small ion with
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hard polarizability, causing the high degree of ion association observed for a certain x(Li[FSA]) range in

the Li[FSA]-[CsC1pyrr][FSA] system.*
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Figure 6 Walden plots for the Li[FSA]—[C,C1im][FSA] ionic liquids with x(Li[FSA]) values in the
range of 0.0—0.4. The dashed line is a visual guide representing a = 1 in the fractional Walden rule (1-5”
=C") as shown in Eq. (6).

Electrochemical stability. The electrochemical stability of the Li[FSA]-[C,C,im][FSA] ionic liquid
was evaluated by cyclic voltammetry. Cyclic voltammograms of Cu disk (negative potential region),
glass like carbon disk (positive potential region), and Al plate (positive potential region) electrodes in
Li[FSA]-[C.Ciim][FSA] (x(Li[FSA]) = 0.3) at 298 K are shown in Figure 7. In the negative potential
region with the Cu electrode, Li metal deposition and dissolution were observed during the positive and
negative scans, respectively, giving a Coulombic efficiency of 61%. Such stable Li metal

deposition/dissolution has been observed in many FSA -based ionic liquids, including Li[FSA]-
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[C,C1im][FSA], Li[FSA]-[CsCipyrr][FSA], and Li[FSA]-[C4Cipyrr][FSA].***® The Al electrode does
not exhibit any observable electrochemical activity below 5.0 V, which is attributed to the formation of

a stable passivation film.
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Figure 7 Cyclic voltammograms of Cu disk (negative potential region), glass like carbon disk (positive
potential region), and Al plate (inset, positive potential region) electrodes in Li[FSA]-[C,Ciim][FSA]
(X(Li[FSA] = 0.3) at 298 K. Scan rate: 5 mV s .

Cycle efficiency for lithium metal deposition/dissolution.The cycle efficiency for Li metal
deposition/dissolution, ecyce, Was evaluated according to Eq. (1). Voltage profiles during Li metal
deposition/dissolution tests in the Li[FSA]-[C,Ciim][FSA] ionic liquid (x(Li[FSA]) = 0.3) at 298, 333,
and 363 K are shown in Figure 8. The temperature and x(Li[FSA]) dependences of the &cyce Values are
summarized in Figure 9 (see Figures S11-S19 for the voltage profiles when x(Li[FSA]) = 0.1, 0.2, and
0.4). The &cycle Value for x(Li[FSA]) = 0.3 is 92% at 298 K and decreases with increasing temperature

(82% at 333 K and 76% at 363 K). This trend is completely opposite to the case of Na metal in ionic
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liquid electrolytes;®® ™ the &cqe value of Na metal deposition/dissolution increases with increasing

temperature (e.g. 69% at 298 K and 96% at 363 K for Na[FSA]-[C,C1im][FSA] (3:7) as determined by
the same test). There are two possible factors that cause the decrease in e&cyqe for Li-metal
deposition/dissolution: the reaction of Li metal with the ionic liquid (or with trace impurities) and the
formation of dead Li metal. Elevated temperatures are thought to significantly enhance the reactivity of
Li metal with ionic liquids, which is also related to the stability of the solid-electrolyte-interphase (SEI)
layer. On the other hand, the formation of dead Li metal is caused by the dendritic deposition of Li
metal, which is less suppressed for Li metal compared to Na metal in the present temperature range (333
and 363 K) because surface diffusion is enhanced near the melting point (the melting points of Li and
Na metal are 454 and 371 K, respectively). Consequently, the reaction between Li metal and the ionic
liquid contributes more significantly than the suppression of dead Li metal formation to the low &cycle

values at elevated temperatures.
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Figure 8 Woltage profiles during Li-metal deposition/dissolution in the Li[FSA]-[C,C1im][FSA] ionic
liquid at (a) 298 K, (b) 333 K, and (c) 363 K at x(Na[FSA]) = 0.3. A Cu plate was used as the working
electrode. Lithium metal of 0.8 C cm? was first deposited on the Cu substrate and Li deposition and
dissolution of 0.2 C cm 2 were then repeated until the electrode potential reached 0.5 V vs. Li*/Li during
dissolution (see Experimental section for the details of these tests). The current density was 0.1 (or —0.1)
mA cm 2 throughout these tests.
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Figure 9 Cycle efficiency, ecyce, for Li metal deposition/dissolution in the Li[FSA]-[C,Ciim][FSA]
ionic liquid (0.1 < x(Li[FSA]) <0.4) at 298, 333, and 363 K.

Another trend found was that ecycle increases with increasing x(Li[FSA]), which is related to both of
the two aforementioned factors. As reported previously, the Li* concentration affects the morphology of
deposited Li metal, and Li metal deposited at higher Li* concentrations tends to be more dendritic.”’
Suppression of the reaction between the Li metal and ionic liquids is thought to occur at higher Li*
concentrations since Li* is known to be an important component of the SEI layer and the formation of
inorganic compounds facilitates SEI-layer stabilization.® The latter factor is considered to be more
significant than the former factor in the present case, resulting in the high ecyce values at high

x(Li[FSA]).

Aluminium corrosion behavior at positive potentials. The stability of Al electrodes at positive
potentials is important when using Al as the current collector for positive electrodes. In addition to the
cyclic voltammetric tests above, two kinds of potential-step tests were performed to further investigate

Al stability in the Li[FSA]-[C,C1im][FSA] ionic liquid (x(Li[FSA]) = 0.3). Figure 10 shows the current-
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density profile of an Al electrode when the potential was stepped from the rest potential to a certain
positive potential (4.5, 4.6, 4.7, and 5.0 V vs. Li*/Li). Figure 11 shows the current-density profile of an
Al electrode when the potential was increased stepwise from 4.5 to 4.8 V by 0.05 V every 2 hours and
then held at 4.8 V vs. Li*/Li for 24 hours. Continuous oxidation of the Al electrode occurs above 4.6 V
vs. Li*/Li when directly stepping from the rest potential. Little current density was observed throughout
the test when the potential was increased stepwise. These observations provide an important insight; the

onset potential of Al corrosion depends on the method of polarization.
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Figure 10 Current-density profiles for an Al plate electrode in Li[FSA]-[C,Ciim][FSA] (X(Li[FSA]) =
0.3) at 298 K during potentiostatic electrolysis at 4.5, 4.6, 4.7, and 5.0 V' vs. Li*/Li.
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Figure 11 Potential dependence of current density for an Al plate electrode in Li[FSA]-[C,C1im][FSA]
(x(Li[FSA] = 0.3) at 298 K. The potential was positively stepped from 4.5 V vs. Li*/Li by 0.05 V every
2 hours and then held at 4.8 V vs. Li*/Li for 24 hours.

Figure 12 shows the corrosion-limit potentials for an Al electrode in the Li[FSA]-[C.Ciim][FSA]
ionic liquid (0.1 < X(Li[FSA]) < 0.4) at 298, 333, and 363 K. During this test, the potential was
increased stepwise from 4.0 V or 4.5 V to 6.0 V vs. Li*/Li by 0.1 V every 2 hours (see Figures S20-S31
for the current-density profile). The corrosion limit was defined as the potential at which the current
density reached 0.5 uA cm 2 The oxidative stability of the Al electrode is improved by increasing
x(Li[FSA]) at 298 K, which suggests that the high Li* concentration leads to the formation of a stable
passivation film. This may be explained by the low solubility of the surface film in the high-Li*-content
ionic liquid. At higher temperatures, this trend becomes less distinct and the Al electrode is corroded at
relatively low potentials. This is likely due to the high solubility of the surface film in ionic liquid
electrolytes at elevated temperatures. The Al metal stability in the present ionic liquid system is higher
than that in organic solutions containing sulfonyl amide salts.** ”® This also agrees with the enhanced Al
corrosion reported upon adding an organic solvent into ionic liquid electrolytes and the Al corrosion

suppression reported upon adding an ionic liquid into organic electrolytic solutions. "%
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Figure 12 Corrosion-limit potential for an Al electrode in the Li[FSA]-[C,Ciim][FSA] ionic liquid
(x(Li[FSA]) range of 0.1—0.4) at 298, 333, and 363 K when the potential was increased stepwise from
4.0 Vor 45V 1o 6.0 V vs. Li*/Li by 0.1 V every 2 hours (Figures S20—-S31). The corrosion limit was
defined as the potential at which the current density reached 0.5 uA cm™2

Figure 13 shows surface FE-SEM images of the Al electrode after anodic polarization in the
Li[FSA]-[C,C1im][FSA] ionic liquid (x(Li[FSA]) = 0.4) at 363 K. The potential was increased stepwise
(a) from 4.0 V to 4.3 V and (b) from 4.0 V to 6.0 V vs. Li*/Li by 0.1 V every 2 hours (see Figures S32
and S33 for the corresponding EDX mapping images). When polarizing up to 4.3 V vs. Li'/Li, island
growths are observed on the Al surface (Region (B) in Figure 13) in addition to flat areas (Region (A) in
Figure 13). Although C atoms were detected on the entire surface by EDX mapping, the islands contain
more C atoms than the other areas. The islands do not contain Al and F atoms, but do contain S and O
atoms. These EDX results suggest that the Al electrode was covered with a film formed by
decomposition of the ionic liquid, which may also contain AlF; and Al,O3 (or related compounds), and
that island growth of organic-based decomposition products occurs at certain points. On the other hand,

the surface of the Al electrode polarized up to 6.0 V vs. Li'/Li exhibits two distinct regions, neither of

which contain significant amounts of C atoms. One region (Region D) is covered with a film composed
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of O, F, and S atoms and a small amount of C atoms, suggesting a surface film originating from the
ionic liquid still exists in this region. Only Al atoms are detected in Region C, indicating that the
passivation film dissolved into the ionic liquid electrolyte and exposed bare Al metal upon polarization

at 6.0 V vs. Li'/Li.

5

b3
SU8000,15.0kV 15 Pmm x4, SE(U)

SU8000 5.0kV 15.0mm x500 SE(U)

Region (A) Region (B) Region (C)  Region (D)
[C,O,FAl,S] [C,O,S] [Al] [O, F, S]

Figure 13 Surface FE-SEM images of an Al electrode after anodic polarization in the Li[FSA]-
[CoC1im][FSA] ionic liquid (x(Li[FSA]) = 0.4) at 363 K. The potential was increased stepwise (a) from
4.0 Vto 4.3V and (b) from 4.0 V t0 6.0 V vs. Li*/Li by 0.1 V every 2 hours. The main constituent atoms
detected by EDX mapping are shown in square brackets. The corresponding EDX mapping images are
shown in Figures S32 and S33.

Conclusions

We reported the thermal, physical, and electrochemical properties of Li[N(SO,F),]-[C,Cim][N(SOF),]
ionic liquid electrolytes in view of their potential application in Li secondary batteries operating over
wide temperature ranges. A phase diagram constructed from DSC measurements indicated that a wide
liquid-phase temperature range exists between x(Li[FSA]) = 0.0-0.4, providing ionic liquid electrolytes
with high Li" fractions (up to 2.529 mol L' at 298 K as Li[FSA]). The DSC measurements also
indicated the existence of the Li[C,C;im][FSA], line compound, corresponding to x(Li[FSA]) = 0.5.

The crystal structure of Li[C>C;im][FSA], contains Li" octahedrally coordinated by O atoms in FSA™

anion and disordered C,C;im" cations. The viscosity and ionic conductivity were fitted by the VTF
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equation and are related by the fractional Walden rule. The electrochemical window is limited by
Limetal deposition/dissolution at 0 V vs. Li'/Li and oxidative decomposition of the ionic liquid around
5.1 V vs Li"/Li. The Li metal deposition/dissolution cycle efficiency decreased with increasing
temperature and decreasing x(Li[FSA]). The Al electrode stability also depended on temperature and
x(Li[FSAY]). High x(Li[FSA]) values also enhanced the stability but did not work effectively at elevated
temperatures. This suggests that using an Al current collector in intermediate temperature ranges
requires special attention, especially at high voltages. The experimental results presented here suggest
that this ionic liquid system is highly useful as a safe electrolyte in Li secondary batteries either at room
or elevated temperatures, while the optimal Li" concentration should be chosen carefully, depending on

the purpose.
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