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ABSTRACT: A mixture of n-methyl-n-propylpyrrolidinium
bis(trifluoromethylsulfonyl)imide, [PYR13][TFSI] and n-
propyl-n-methylpyrrolidinium bis(fluorosulfonyl)imide,
[PYRI3][FSI] ionic liquids (ILs) is investigated for
lithium—metal batteries. Specifically, the relation among
conductivity, solvation structure, and Li* mobility is
investigated in a Li/IL/IL type ternary mixture. Li" anion
coordination numbers with both [TFSI] and [FSI] in the
ternary mixtures are derived from Raman analysis. The Li*
transference number was measured by a combination of
potentiostatic polarization and electrochemical impedance
spectroscopy (EIS) techniques. The electrochemical stability
and transport property of the developed ternary mixture were
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confirmed with Li—Li symmetrical and Li—LiFePO, cells. The ternary system exhibited improved rate capability compared to
binary parent electrolytes as well as the state-of-the art carbonate-based electrolyte at —20 °C, and slightly better cycling stability
at 25 °C. This study demonstrates the flexibility in tailoring physical properties and the Li* solvation environment by ternary Li/

IL/IL mixtures for enhanced battery performance.

B INTRODUCTION

Ionic liquid (IL) electrolytes present favorable properties such
as high thermal stability, wide electrochemical windows,
negligible vapor pressures, and lack of flammability for
electrochemical processes. In particular, pyrrolidinium-based
ILs with bis(trifluoromethylsulfonyl)imide, [TFSI], and bis-
(fluorosulfonyl)imide, [FSI], anions have been commonly
investigated for lithium ion and lithium metal batteries due to
their exceptionally high electrochemical stability (5—6 V vs Li/
Li*"?). These ILs are reported to inhibit the dendrite
formation on lithium metal and lithiated graphite by forming
a stable solid-electrolyte interphase (SEI), thus offering long-
term cyclability of rechargeable high energy-density bat-
teries.” " However, Li* mobility and therefore the rate
performance of these batteries with ILs remains a challenge
in practice due to the high viscosities and low conductivities of
Li*-containing IL electrolytes’ "'

The Li* transport properties in ILs are highly dependent on
Li salt concentration and Li* solvate structure.””'® Yoon et
al.'” demonstrated fast charge/discharge (0.1—5 C) of lithium
metal batteries with n-propyl-n-methylpyrrolidinium bis-
(fluorosulfonyl)imide, [PYR13][FSI], containing high lithium
salt concentration (3.2 mol/kg of [Li][FSI], calculated to be
about 4.48 M when assuming the density of the solution is 1.4
g/cm?). Despite the low conductivity and high viscosity of the
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studied electrolyte, Li* transference was observed to increase
with higher concentrations of the Li-salt. Therefore, the
authors concluded that the Li* transport mechanism must be
different in these concentrated electrolytes compared to those
with lower Li-salt content. Haskins et al.'® performed a
combined experimental and computational study on the Li*
containing imidazolium and pyrrolidinium ILs. They report the
vehicular motion of Li* (Li* transport with its solvation shell)
to be significant across all concentrations studied (0.1 < xy; o
< 0.33) and the transport via anion exchanges (structure
diffusion) becomes significant at higher mole fractions of Li-
salt specifically for ILs with larger anions such as [TFSI].
Several studies to date investigated the ion coordination and
solvation of Li* in IL electrolytes to better understand the Li*
transport mechanism.'*'”7?® The Raman stud-
fes'>!H1972527733 6 express Li* coordination number related
primarily to the vehicular motion have almost exclusively
considered binary electrolytes (a Li-salt in an IL) with the
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exception of our previous work' on [Li][TESI]/[PYR13]-
[TESI]/[EMIM][DCA] ternary system. Lesch et al.** studied
the Li" coordination and transport in ternary IL mixtures of
[EMIM][ESI]/[EMIM][TESI]/[Li][TESI] via MD simula-
tions and pulsed gradient NMR. Their research showed that
Li* prefers to coordinate with [TFSI] and form dimers
([TFSI] bridging two nearby Li*) as the [TFSI] fraction
increases in the mixture. Interestingly, the diffusivities of
dimerized and single Li* (not part of a dimer) were similar
despite the different solvation structures, possibility as a result
of the roughly equivalent size of the Li*-dimers and [Li][TFSI]
aggregates. They further concluded that the anion exchange
rate did not influence Li" transport for these electrolytes
containing dimers and aggregates, in contradiction to their
previous study’> where Li*-anion exchanges in [Li][TFSI]/
[PYR14][TFSI] were found to slow Li* transport under biased
potential.

Mixed electrolytes beyond binary systems stem from the
need to fine-tune physical, electrochemical, and transport
properties for battery applications. The concept of electrolyte
formulation to take advantage of each component is not new,
and it is commonly practiced for carbonate based electro-
lytes.**™*’ Recently, IL mixtures have also been reported as
electrolytes for batteries. Appetecchi et al.*’ reported the
composition and temperature dependence of the electro-
chemical window and conductivity for [Li][PF¢] and [Li]-
[TFSI] containing a [PYR14][TFSI]/[PYR13][FSI] mixture
for which an increase in [PYRI3][FSI] in general led to
improvements in conductivity. Lux et al.*' investigated the
ternary electrolyte, 0.3 M [Li][TFSI] in ([PYR13][FSI]),,s/
([PYR14][TFSI])y-s with the addition of S wt % vinyl
carbonate, in Li-graphite half cells and reported a specific
capacity of 290 mAh/g at room temperature; significantly
higher than the respective salt-IL binary systems with 5 wt %
vinyl carbonate additive (both around 130 mAh/g). Bayley et
al.” studied the transport properties of [PYR13][TFSI]/
[PYR13][FSI] binary and [Li][TESI]/[PYRI13][TESI]/
[PYR13][FSI] ternary mixtures. The diffusion coefficient of
Li*, [PYR13], [TFSI], and [FSI] all showed an increasing
trend with the increase of [FSI] in the mixture. Moreno et al.*
optimized the composition of the ternary electrolyte [Li]-
[TESI]/[PYR13][TFSI]/[PYR13][FSI] for maximum con-
ductivity and performed preliminary battery tests for only
seven cycles at 0.1 C-rate and 23 °C with Li-NMC (nickel
manganese cobalt oxide) and Li-graphite cells. The NMC and
graphite electrodes with Li/IL/IL ternary mixture delivered 80
and 67%, respectively, of their expected capacities with
conventional carbonate electrolytes. Because of the promising
results of these initial tests, further investigation is deserved of
the ternary [TFSI]- and [FSI]-based IL electrolytes for safer
Li-metal batteries.

In this study, we investigated Li* mobility by transference
measurements and Li* coordination structure in the ternary
[Li][FSI]/[PYR13][TFSI]/[PYR13][FSI] electrolyte by
Raman spectroscopy. Thermal, electrochemical and physical
properties of the formulated electrolytes are measured as a
function of Li-salt and temperature. To understand how Li*
transference and solvation structure influenced the rate
capability and long-term cyclability of rechargeable Li-
batteries, we performed battery tests with Li—Li symmetrical
cells at 25 °C and Li—LiFePO, cells at 0.1-2 C rates and at
temperatures of —20 to 120 °C.

B METHODS

Materials. N-methyl-n-propylpyrrolidinium bis-
(trifluoromethylsulfonyl)imide ([PYR13][TFSI], 99.5%) was
purchased from Iolitec (Tuscaloosa, Alabama); n-propyl-n-
methylpyrrolidinium bis(fluorosulfonyl)imide ([PYR13][FSI],
99.9%) was purchased from Solvionic (France). Lithium
bis(fluorosulfonyl)imide ([Li][FSI], >98.0%) was purchased
from TCI America; bis(trifluoromethane)sulfonimide lithium
salt ([Li][TFSI], 99.95%) was purchased from Sigma-Aldrich;
polyvinylidene difluoride (PVdF, M,, ~ 534 kDa) and 1 M
lithium hexafluorophosphate ([Li][PF¢]) in ethylene carbo-
nate (EC)/dimethyl carbonate (DMC) (1:1, v/v) were
purchased from Sigma-Aldrich; N-methyl-2-pyrrolidone
(NMP, >99%) was purchased from Alfa Aesar. All the ILs
and Li salts were used as purchased. The mixture of
[PYR13][TFSI]:[PYR13][FSI] was prepared with a volumet-
ric ratio of 1:1. The Li salt was dissolved in the ILs in the
concentration range of 0.1-1 M. LiFePO, (LFP) powder,
conductive graphite powder (CG; >99.98%), SS316 CR2032
case, Al-clad CR2032 case, and precoated LFP electrode sheets
with an active material coating density of 12 mg cm™> were
purchased from MTI (Richmond, CA). Glass fiber nonwoven
separator (Whatman grade GF/A, 260 um in thickness) was
purchased from VWR. Solupor 3P07A polyethylene (PE) film
(20 pm in thickness) was gifted by Lydall Inc. All chemicals
were used as received without further purification and were
handled in an argon purged glovebox (VTI Super, <1 ppm
moisture and oxygen).

Physical Properties. Temperature-dependent density,
viscosity, and conductivities were measured. The water content
of samples was measured in the ppm range with a Karl Fischer
titrator (Metrohm Coulometric KF 889 D). The reported
water contents in Table S1 represent the typical range of water
in all of the studied samples prior to measurements. The
samples were never exposed to air prior or during the physical
property measurements. Densities in the temperature range of
25—55 °C (40.02 °C) were measured with an Anton Paar
vibrating U-tube density meter (DMA 4500M) with an
accuracy of 0.00005 g/cm®. Viscosities were measured with a
microchannel viscometer with a 10 to 20 uL sample
(MicroVISC, Rheosense) at 25—55 °C (+0.15 °C). Within
the same temperature range, conductivities were measured by
electrochemical impedance spectroscopy (EIS) (BioLogic SP
240) using SO0 uL sample with a calibrated two-electrode
conductivity cell equipped with parallel Pt electrodes (MCM-
CC, Biologic). The Vogel-Fulcher—Tamman (VFT)
model**~* was fitted to both viscosity and conductivity.

Thermal Properties. Phase transformations such as
crystallization and melting were determined by differential
scanning calorimetry (DSC, TA Q100). The samples (about S
mg) were first cooled from 40 °C to —80 °C at 10 °C/min
followed by an isotherm at —80 °C for S min, then heated to
100 °C at a constant rate of 10 °C/min followed by a final
isotherm step at 100 °C for S min, similar to the previous
procedure.'” This procedure was repeated three times, and the
third cycle is reported. The glass transition temperature was
not observed due to the limitation of the instrument (>—80
°C).

Li* Transference. The Li* transference number was
measured in Li—Li symmetric cells by the Bruce and Vincent™®
method of potentiostatic polarization. Briefly, 10 mV DC
voltage was applied to the cell until a steady current was
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established (2 h). EIS measurement was performed before and
after the polarization step, at open circuit potential between
107 to 10° Hz with 5 mV amplitude voltage. The Li*
transference number was calculated by eq 1:

_ IR{AV — IR
I,R[AV — IR]] (1)

Li*
where R, and R; are the initial and final resistances of the
electrolyte, R and R are the initial and final resistance of the
interfacial layer of Li metal electrode/electrolyte, I and I, are
the initial and stable current during 2 h polarization, and AV is
the applied DC voltage.

Li—Li Symmetrical Cell Fabrication. Li—Li symmetrical
cells were assembled in an argon filled glovebox (VTI Super, <
1 ppm moisture and oxygen). Li metal was carefully polished
by a 1000-grit sandpaper and the metal surface was flat-rolled
to be smooth prior to use. Symmetrical cells were assembled
with either glass fiber or Solupor PE film separator and the
ternary electrolyte of 0.5 M [Li][TFSI] in [PYR13][TFSI]/
[PYR13][FSI] (1:1, v/v) using SS316 CR2032 casings. An
electronic crimper (MSK 160E, MTI) was used to seal and
disassemble coin cells. Assembled cells were stored at 60 °C
overnight before testing to encourage wetting of the electrodes
by the electrolyte and initial passivation layer to form at
electrode—electrolyte interfaces.

Li—LFP Cell Fabrication. The electrode slurry for
fabricating the LFP electrodes was prepared by mixing the
finely ground LFP and conductive graphite powder in a
polymeric solution of 2.9 wt % PVdF in NMP under stirring
(ca. 200 rpm) at least for 2 days. The obtained slurry of
LFP:CG:PVdF (80:10:10) was cast onto aluminum foil with a
wet membrane thickness of 10 ym by a doctor blade. The wet
film was then immediately transferred to a vacuum oven at 60
°C. After the film was dried in the oven for 1 h, it was allowed
to cool down to room temperature. The dried sheet (S ym)
was compressed between two mechanical rollers and cut into
electrode disks by a 5/8 in. diameter puncher. The electrodes
were vacuum-dried at 120 °C overnight before the coin cell
assembly to remove any residual moisture. The average coating
density of the fabricated LFP cathode electrodes is about 1.5
mg cm ™, which is the active material loading used in capacity
calculations. Alternatively, precoated Al sheets with LFP (MTI
Inc; 12 mg cm™* mass loading) were used. Electrodes were
punched out to 5/8 in. diameter. Electrode weight was
performed with a semimicrobalance with an accuracy of 0.02
mg (Sartorius QUINTIX65-1S). Nonwoven glass fiber (3/4 in.
diameter) was applied as the separator and wetted with the
electrolyte (70 uL) before battery assembly in a vacuum oven
at 70 °C. The cells were prepared by laminating a Li metal
anode, a glass fiber separator, and an LFP electrode cathode
within the 2-electrode CR2032 configuration. Coin cells with
five different types of electrolyte were fabricated: 0.5 M
[Li][FSI] in [PYRI3][ESI], 0.5 M [Li][TESI] in [PYR13]-
[TESI], 0.5 M [Li][ESI] in [PYR13][TESI], 0.5 M [Li][FSI]
in [PYR13][TFESI]/[PYR13][FSI] (1:1, v/v), and 1 M
[Li][PF4] in EC/DMC (1:1, v/v). LEP cells with high mass
loading were fabricated with three types of electrolytes: 0.5 M
[Li][ESI] in [PYRI3][ESI], 0.5 M [Li][ESI] in [PYR13]-
[TESI]/[PYR13][FSI] (1:1, v/v), and 1 M [Li][PF] in EC/
DMC (1:1, v/v). All cells were kept under 60 °C overnight
before battery testing to allow the electrodes to be fully wetted

by the electrolyte and the initial passivation layer to form at the
interface.

Battery Tests. Li—Li symmetrical cells with either glass
fiber or Solupor PE separators were charged and discharged at
1 mA/cm? for 500 cycles and 10 mA/cm? for 100 cycles,
sequentially. Each cycle took 60 min. EIS was performed
before and after 500 cycles at 1 mA/cm? to characterize the
change in cell impedance.

Li-LFP cells with 1.5 mg cm™ mass loading were cycled
between 2.8—3.8 V at 0.1, 0.2, 0.5, 1.0, and 2.0 C with constant
current (CC) at 25 and 60 °C for five cycles at each C-rate.
The temperature was controlled within +0.5 °C using Espec
BTZ-133 temperature chamber. For longer-term battery
performance and thermal stability evaluation, the Li-LFP
cells were first cycled at 25 °C for 100 cycles at 0.2 C then
cycled for 20 at each temperature sequence of 60, 80, 100, and
120 °C. In parallel, a different set of Li-LFP cells were tested
following a three-step cycling. The first step involved cycling at
0.2 C for 20 cycles following a temperature sequence of 25, 0,
—10, —20 °C, and back to 25 °C. The second step was a rate-
capability test for which the same set of cells were cycled at
—20 °C at 0.1, 0.2, 0.5, 1, 2 and back at 0.1 C rates with five
cycles at each C-rate. Finally, the third step was a long-term
cycling stability test for which the same cells were cycled at 0.2
C-rate for 100 cycles at 25 °C.

Four Li-LFP cells with 12 mg cm™ mass loading were
precycled at 0.1 C for three cycles at 25 °C prior to the rate-
capability test at —20 °C and 0.1, 0.2, 0.5, 1.0, and back at 0.1
C with five cycles at each C-rate. EIS was performed before
and after cycling at both temperatures.

Raman spectroscopy. The Li* coordination in the
electrolyte systems was investigated by Raman spectroscopy
(Xplore Horiba, 785 nm, 9 mW). The spectra was collected in
the region of 670—800 cm ™" with a resolution of 4.2 cm™' to
observe the (—S—N-—S—) stretching signal in [FSI] and
[TESI] anions that coordinate with Li*. The baseline
correction was performed with NGS LabSpec software
(Horiba). The peak fitting was performed with Igor Pro 7.08
(WaveMetrics) for which the residual of all the fittings were
lower than 2% (corresponding to a y*/I < 112, where I is the
maximum Raman intensity recorded). The spectrum reported
in the figures were normalized based on the maximum
intensity. The Li* coordination numbers (CN) in the Li/IL/
IL ternary mixtures are reported according to eq 2.

CN = CNgg;j + CNi1ggy

MEsn _ Am MrEsy  Aw
_ mesytipresy At Ag st + sy An + Ay
X[LiJ[EST] X[Lil[EST) (2)

in which CNpgg;) and CNjrgg correspond to the partial
coordination number of Li*-[FSI] and Li*-[TFSI], respec-
tively; np;) is the mole of ion i; A, is the area of peak i; and
X[irsy] is the mole fraction of [Li][FSI].

B RESULTS AND DISCUSSIONS

The DSC curves shown in Figure 1 compare the [PYR13]-
[TFSI]/[PYR13][FSI] (1:1, v/v) binary system to the two
parent ILs. The IL/IL binary mixture has a lower melting point
(=282 °C) compared to the parent ILs (8.4 °C for
[PYRI3][TESI] and —19.8/—113 °C for [PYR13][FSI]);
these results are similar to the previous reports.'”*”*® The
measured temperature-dependent densities, viscosities, and
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Figure 1. DSC curve of [PYRI3][TFSI], [PYRI3][FSI], and
[PYR13][TFSI]/[PYR13][FSI] (1:1, v/v).

conductivities of the binary IL/IL, [Li][FSI]/IL, and ternary
[Li][FSI]/IL/IL systems are in Figures S1—S3. The VFT
fitting parameters of the viscosity and conductivity are shown
in Table S2. These fittings enable extrapolation of the
viscosities and conductivities of the IL-electrolytes at the
cell-test temperatures as they relate to rate capabilities.
Viscosity and conductivity measurements were used for the
Walden analysis of IL/IL binary in comparison to neat ILs
shown in Figure 2a and the 0.5 M [Li][FSI]/IL/IL ternary in
comparison to [Li][FSI]/IL binaries shown in Figure 2b.
According to the Walden plot in Figure 2a, the 1:1 IL/IL
mixture shows a higher degree of ion association compared to
neat ILs. Similarly, the [Li][FSI]/IL/IL ternary with 0.5 M
[Li][FSI] in 1:1 demonstrates increased ion association
compared to binary mixtures of [Li][FSI]/IL with the same
Li-salt concentration, as seen in Figure 2b. Increased ion
associations could be interpreted to result in ion aggregates
which would impede vehicular motion of Li*. Solely based on
this Walden analysis, it is difficult to make any conclusions
about the extent of ion aggregates or Li* mobility. To better
understand the first solvation shell of Li* in these systems,
Raman analysis is carried out.

Figure 3 shows the local Raman spectrum (670—800 cm™")
corresponding to the —S—N—S— stretch of [TFSI] and [FSI]
anions in the ternary mixture of [Li][FSI] in [PYR13][TFSI]/
[PYR13][FSI] (1:1, v/v). The full Raman spectra (500—2000
cm™') are shown in Figure S4. A broad peak centered at 754
cm™ is present at all concentrations of [Li][FSI] (0—1 M),
and it is attributed to the [PYR13] cation.***” In the absence
of Li-salt, there are two distinct peaks at 727 and 741 cm™" that
correspond to [FSI] and [TFSI] anions, respectively. With the
addition of Li-salt, two new peaks emerge at 744 and 748 cm ™
that correspond to Li* coordinated [FSI] and [TFSI] anions,
respectively. As the concentration of Li-salt increases from 0 to
1 M in the mixture, the intensity and areal fraction of Li*
coordinated peaks grow as seen in Figure 3. This behavior is
similar to the [Li][FSI]/[PYR13][FSI] (Figure SS) and
[Li][TFSI]/[PYR13][TESI]"® binary systems. As more anions
get coordinated with Li*, more ion clusters may form.

The calculated coordination number of Li* from eq 2 as a
function of Li-salt concentration is presented in Figure 4. The
partial solvation of Li* by [TFSI] and [FSI] anions in the
ternary mixture are represented as CNypgg and CNgg; in Figure
4a. Accordingly, CN of both Li*-[TFSI] and Li*-[FSI]
decreases with the increase of [Li][FSI] concentration, since
both [TFSI] and [FSI] can have both monodentate and
bidentate coordination conformation with Li*, which may lead
to anion bridges among multiple Li*. When the coordination of
Li* in the ternary mixture is compared with the respective
binaries in Figure 4b, it is seen that the CN of Li* is highest
when there is only [FSI]. This is due to the smaller size of
[FSI] compared to that of [TESI].>° Therefore, we expect that
the Li* would prefer to coordinate with [FSI] over [TFSI] in
the ternary mixtures. However, according to Figure 4a, Li*
prefers to coordinate with [TFSI] over [FSI] in the ternary
mixture. This experimental observation agrees with the former
finding of Lesch et al.>* on a similar ternary system containing
the [EMIM] cation. The Li* coordination in the ternary
mixture is very similar to the [Li][FSI]/[PYR13][FSI] binary.
This is interesting considering the higher ionicity observed for
[Li][FSI] in [PYR13][FSI] compared to [PYR13][TFSI] or
the ternary mixture of interest from the Walden analysis in
Figure 2b. This observation underscores the complexity of
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Figure 4. (a) Partial Li* coordination number in the [Li][FSI]/[PYR13][TFSI]/[PYR13][FSI] (1:1, v/v) ternary mixture and (b) total CN in
[Li][FSI]/[PYR13][FSI] (red square), [Li]J[TFSI]/[PYR13][TFSI] (blue circle from ref 15), and [Li][FSI] in [PYR13][TFSI]/[PYR13][FSI]

(1:1, v/v) ternary mixture (purple triangle).

clustering in these mixtures in comparison to the Li*
coordination shell alone.

To probe how Li* solvation in these electrolytes impacts its
mobility in an electric field, Li* transference was measured by
the potentiostatic polarization method. Table 1 summarizes
the measured and normalized transference numbers. Repre-
sentative EIS and time-dependent DC polarization measure-
ments for the ternary system are shown in Figure S6. The Li*
transference increases slightly in the ternary mixture compared
to the binary systems, suggesting that more Li* ions serve as
charge carriers in the ternary mixture than in binary systems.
However, one should note that 0.5 M concentration of Li salt
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Table 1. Measured Li* Transference, t;;7, for the Binary and
Ternary Electrolytes Studied. Transference Number Is
Normalized by Li* Mole Fraction, t;+/x;;", for Relative Scale

[PYR13][TESI]/
[PYR13][ESI]
(1:1, v/v)

molar composition mole fractions bt xy
0.5 M [Li][FSI] in LigosPYR130 4sFSIy s 015  3.00
[PYR13][ESI]
0.5 M [Li][TFSI] in Lig oPYR13,,,,TFSIy s 017 243
[PYR13][TESI]
0.5 M [Li][FSI] in LigoPYR130 4, TFSIy,0FSlpse  0.18  3.00
[
[
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Figure 5. Li-LFP cell performance with 0.5 M [Li][FSI] in [PYRI3][FSI], 0.5 M [Li][TFSI] in [PYRI13][TFSI], and 0.5 M [Li][FSI] in
[PYR13][TFSI]/[PYR13][FSI] (1:1, v/v) mixtures. Specific discharge capacity (solid symbol) and Coulombic efficiency (open symbol) at 0.1—2
C-rates at 25 °C (a) and 60 °C (b). Long-term cycling at 25 °C followed by short cycling at 60, 80, 100, and 120 °C (c). Performances are
compared with the state-of-the-art Li-ion battery electrolyte: 0.1 M [Li][PF¢] in ethylene carbonate/dimethyl carbonate (EC/DMC, 1:1, v/v).
Note that LIBs in panel b were constructed with Al-clad cell casing while those in panels a and ¢ had SS316. Measurements shown in each panel a,
b, and ¢ were performed with fresh cells with 1.5 mg cm™ LFP electrode mass loading,

does not mean the same amount of Li" is present in
[PYRI3][TESI], [PYRI3][ESI], and [PYR13][TESI]/
[PYR13][FSI] (1:1, v/v). Therefore, the measured Li*
transference number was normalized by the Li" mole fraction
in each solution for a more direct comparison. According to
this relative scale of ¢;;7/x;;7, Li* mobility in the ternary mixture
is higher compared to [Li][TFSI]/[PYR13][TFSI] and similar
to [Li][FSI]/[PYRI3][FSI] binary. This result is not in
agreement with the Walden analysis of ionicity, but similar to
the trend in Li* coordination numbers which is related to the
vehicular motion of Li*. On the other hand, the transference
measurements are indicative of both Li* diffusion with its
solvation shell and migration. Anion exchanges within the ion
clusters around Li* as a result of configurational changes can
lead to jump motions of Li" which can explain the higher than
expected transference in the ternary mixture despite the ion
aggregates suggested by the Walden analysis.
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Cycling with Li—Li symmetrical cells was performed to
investigate the Li* transport and cathodic stability of the
ternary IL system as a preliminary test for Li-LFP battery tests.
The cells were cycled at constant current density of 1 and 10
mA/cm’. The voltage response in Figure S7 reveals the
overpotential is initially high but stabilized to be within 20 mV
at 1 mA/cm? and 150 mV at 10 mA/cm? The characteristic
sawtooth-like sinusoidal voltage profile indicates that the
stripping and plating of the Li metal is stable and shows no
evidence of Li dendrite formation, with a high Coulombic
efficiency of >99.6% and >95.1% in cells with glass fiber and
Solupor separator, respectively. Furthermore, the cells are
capable of cycling under high current density; this behavior
infers a practical Li* transport property in the ternary IL
electrolyte. It should be noted, however, that the cycling at 10
mA/cm?® is possible only after precycling at low current
density for SEI formation.
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Figure 6. Prolonged cycling performance (solid symbols) and Coulombic efficiency (open symbols) of Li-LFP cells. (a) Discharge capacities at 25,
0, —10, —20 °C and back at 25 °C; (b) Charge—discharge curves at 25 °C (last segment in panel a) and —20 °C corresponding to the 20th cycle at
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has 1 M. All LIBs have Al-clad casing. Measurements in panels a, ¢, and d were all with the same set of cells (1.5 mg cm™> LFP electrode mass

loading) following the testing sequence of panels a, c, and finally d.

Figure 5 panels a and b show the rate capability, on full
depth of discharge (DOD), at 25 °C and 60 °C, respectively,
for the Li-LFP coin cells with the binary and ternary IL-based
electrolytes. For comparison purposes, the performance of the
cell with the state-of-the-art carbonate electrolyte, 1 M
[Li][PF¢] in EC/DMC (1:1, v/v), is also presented. At 25
°C and 0.1 C, the ternary IL electrolyte cell exhibits a nominal
specific capacity of around 120 mAh g~' (Figure Sa), similar
with that of the least viscous [Li][FSI]/[PYR13][FSI]
electrolyte cell. The measured capacity with the state-of-the-
art carbonate electrolyte is around 130 mAh g™ at 0.1 C and
25 °C, consistent with the expected theoretical capacity for
LFP.”" The capacity retentions after rate testing at 25 °C are
98.9, 94.9, and 91.2% for the ternary, [Li][FSI]/[PYR13][FSI]
binary and the organic electrolyte, respectively, upon return to
0.1 C rate after five cycles at each C-rate from 0.1 to 2 C. As
the rate increase from 0.1 to 2 C, the ternary IL cell performs
similarly with [Li][FSI]/[PYR13][FSI]; both demonstrate
about 13% capacity decay at 2 C compared to 0.1 C based
on the fifth cycle. The traditional SS316 case was replaced by
the Al-clad casing for rate capability tests at 60 °C (Figure Sb)
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in order to eliminate the anodic dissolution effect when
comparing the rate capabilities of the LIBs. The performance
of all of the IL electrolytes at 60 °C exceed that of the
commercial electrolyte cell at every C-rate studied (Figure Sb).
An LIB with the ternary mixture exhibited a capacity retention
of 92.5% upon return to 0.1 C at 60 °C (Figure Sb). While all
of the IL-based electrolytes recovered >90% of their initial
capacity, the carbonate-based electrolyte had only about 83%.
At 60 °C (Figure Sb), the capacities are slightly higher for the
cells with IL-based electrolytes compared to 25 °C due to the
increased conductivity and reduced viscosity as predicted from
VET fits. This is not the case for the state-of-the-art carbonate
electrolyte due to its thermal instability. Figure Sc shows the
capacity retention upon 100 cycles at 25 °C followed by short
cycling at 60, 80, 100, and 120 °C at 0.2 C. In this test, Li-LFP
cells with the ternary Li/IL/IL electrolyte demonstrates a
capacity retention of 86.4% while both the organic carbonate
based electrolyte and [Li][FSI]/[PYR13][FSI] have about
94% retention after 100 cycles at 25 °C. All of the studied LIBs
lost significant capacity with the increase of temperature
following the 100 cycles at 25 °C except for 0.5 M [Li][FSI] in
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Figure 7. (a) Charge—discharge curves at 25 °C (3rd cycle at 0.1 C) and —20 °C (1st cycle at 0.1 C). (b) Rate capability tests at 0.1—1 C and —20
°C: cycling performance (solid symbol) and Coulombic efficiency (open symbol) of Li-LFP cells with 12 mg cm™ electrode mass loading. (c) EIS
at —20 °C before (solid line) and after (dashed line) the rate cycling segment in panel b (0th and 25th cycles).

[PYR13][TFSI] which has 91.5% capacity retention by the
fifth cycle at 100 °C compared to the first cycle at 25 °C. By
120 °C, all LIBs were exhausted. There are two main factors
that govern the capacity trends in Figure Sc: (i) thermal
stability and (ii) anodic metal dissolution from the SS316 cell
case.””*” Swelling of the PVAF binder by the IL at high
temperatures is also a possibility. On the basis of thermal
analysis, [TFSI] leads to higher thermal stability’* compared
to [FSI]. However, LIB with 0.5 M [Li][TFSI] in [PYR13]-
[TFSI] demonstrates a rapid decrease in capacity with
increased temperature, in contrast to the expected higher
thermal stability compared to other electrolytes studied. This
capacity decay is hypothesized to be due to the enhanced Fe®*
electrochemical dissolution from the metal cell case in the
presence of [TFSI] and with increased temperature, more so
then for [FSI]. This is in consideration of the extended cycling
history of the LIBs with the SS316 cell casing in Figure Sc. The
mixture of [TFSI]/[FSI] in the composition corresponding to
the binary 0.5 M [Li][FSI] in [PYRI3][TFSI] has an
outcompeting capacity retention out of all the LIBs tested.
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Due to a multitude of competing events at elevated
temperatures, we lowered temperatures to distinctly study
the impact of solvation on the rate capability. Figure 6a shows
Li-LFP cells cycling at 25, 0, —10, —20 °C, sequentially and
back to 25 °C at 0.2 C. At 25 and 0 °C, LIBs with ternary
electrolyte exhibit similar battery capacity with [Li][FSI]/
[PYR13][FSI] binary and the organic electrolyte. At 25 °C, the
ternary IL electrolyte cell exhibits a nominal specific capacity of
around 100 mAh g~ (Figure 6a), which is in the same range of
[Li][FSI]/[PYR13][FSI] and organic electrolyte cells. When
the temperature is further decreased, all of the LIBs
demonstrate decreased capacity due to decreased conductivity
and increased viscosity. Upon return to 25 °C at the end of the
temperature-ramp (from 25 to —20 °C), the capacity retention
is the highest for the LIB with the ternary Li/IL/IL system at
96% while it was 94.7, 90.9, 85.8, and 54.2% for LIBs with
[Li][ESI]/[PYR13][FSI], [Li][ESI]/[PYR13][TESI], [Li]-
[TESI]/[PYRI3][TESI], and [Li][PFs]/EC/DMC, respec-
tively (comparing the 20th cycle at 25 °C segments in Figure
6a). It is seen that the extent of the capacity decay with
decreased temperature correlates with the [TFSI] content
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among the IL-based electrolytes. Figure 6b shows the
galvanostatic charge and discharge of the cells measured at
25 °C and —20 °C. It is observed that there is a longer plateau
(associated with Li* deintercalation from LFP) in the voltage
response with the IL-based electrolytes compared to the LIB
with the organic carbonate electrolyte. Furthermore, this
plateau is observed at lower potentials and with a less steep
trend in the Li/IL and Li/IL/IL system, suggesting that there
is higher resistance in the system with the organic electrolyte
possibly due to the formation of a more resistive solid-
electrolyte interface (SEI) layer at low temperatures. In the IL-
based electrolytes, replacement of more [TFSI] with [FSI]
seems to lead to a less resistive Li* transport pathway across
the SEI based on the voltage responses in Figure 6b. It should
be noted that at —20 °C, neat [PYR13][TFSI] is a solid and
[PYR13][FSI] is a semisolid, however the 1:1 mixture of
[TFSI]/[FSI] with the [PYR13] common cation remains a
liquid (Figure 1). Drawing parallels from this trend, it is
anticipated that Li* mobility would be enhanced in the ternary
Li/IL/IL at =20 °C, compared to the binaries studied. Figure
6¢ shows that the capacity retention after rate testing at —20
°C is the highest for the Li/IL/IL ternary electrolyte with
99.2% (comparing the fifth cycles at the first and last 0.1 C
segments). It should be noted that the cell with [Li][FSI]/
[PYR13][FSI] responds to rate testing at —20 °C unexpect-
edly, in particular at 0.1 C. However, it recovers in the
followup long-term cycling test shown in Figure 6d. Finally, the
ternary Li/IL/IL system demonstrates the highest capacity
retention of all cells upon 100 cycles at 25 °C (Figure 6d)
following low temperature histories in Figure 6a,c.

To study the impact of electrode mass loading on the rate
capability, Li-LFP cells with higher cathode mass loading were
tested at —20 °C. These cells were precycled for three cycles at
0.1 C and 25 °C, and it was confirmed that the nominal
capacity of 140 mAh/g can be obtained as shown in Figure 7a.
These cells were then subjected to charge—discharge cycles at
0.1, 0.2, 0.5, 1, and back at 0.1 C rate under —20 °C. Out of
the three electrolytes tested in Figure 7a, only the cell with the
ternary IL-electrolyte recovered capacity at the end of the rate
capability test as seen in Figure 7b. The binary [Li][FSI]/
[PYR13][FSI] electrolyte is expected to be a semisolid at —20
°C with a significantly inhomogeneous and poor Li" transport
as inferred from the conductivities and viscosities extrapolated
by VFET, therefore even at 0.1 C it could not be charged to the
target cutoff potential and was unable to deintercalate Li* from
the cathode; leading to a waste of energy and no capacity. It is
clearly seen that the cell capacity of [Li][PF4]/EC/DMC cell
quickly decays, which might be mainly due to the significantly
increased charge transfer resistance as seen in Figure 7c
comparing the EIS before and after cycling at —20 °C. This is
possibly due to the high resistive SEI layer that formed at low
temperatures. Following the rate capability test, these cells
were subjected to further cycling at 0.1 C, in which the cells
with the ternary electrolyte maintains a capacity of about 20
mAh/g as seen in Figure 7b.

B CONCLUSIONS

An IL-based ternary mixture of [Li][FSI]/[PYRI13][TFSI]/
[PYR13][FSI] has been developed for potential applications as
an electrolyte in Li-metal batteries and compared to its binary
analogues in terms of physical properties and Li* transference.
The ion coordination and interaction between Li* and anions
were studied with Raman spectroscopy. The first solvation

shell of Li* in [PYR13]/[FSI] is similar to that in [PYR13]/
[TFSI]/[FSI] at the compositions studied in terms of the
coordination numbers. While the Walden analysis suggests
more ion aggregates beyond the first solvation shell in the
ternary Li/IL/IL system compared to the Li/IL binaries, the
rate capability and longer cycling of Li-LFP cells showed
comparable performances in particular for [FSI]-containing
mixtures at 25 °C. While it is proven challenging to decouple
the impact of solvation and coordination number of Li* on rate
capability from interferences such as SEI formation, anodic
dissolution of the cell casing, and wettability of the electrodes
at the coin cell level, it can be concluded that [Li][FSI]/
[PYR13][FSI] binary and [Li][FSI]/[PYRI13][TFSI]/
[PYR13][FSI] ternary behave similarly at 25 °C, and the
ternary system due to its utility of the eutectic IL mixture
maybe more promising at subzero temperatures reaching to
—20 °C. Both [Li][FSI]/[PYR13][FSI] binary and [Li][FSI]/
[PYR13][TFSI]/[PYR13][FSI] ternary showed excellent cycle
reversibility and consistent capacity values, with higher than
99.5% Coulombic efficiency, even after hundreds of cycles
under subzero temperatures. With increased electrode mass,
the Li-LFP cells with the ternary IL-electrolyte was the only
successful system with cyclable capacity at —20 °C, while the
cells with the binary and the organic carbonate electrolytes fail
due to poor Li* transport and high overpotential.
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Table S1. Measured water contents of the studied samples before physical property

measurements.

Water content
IL
(ppm)
[PYR13][TFSI] 76
[PYR13][FSI] 127
[PYR13][TFSI]/[PYR13][FSI] 231
(viv=1:9)
[PYR13][TFSI)/[PYR13][FSI]
(viv =1:1) 158
[PYR13][TFSI)/[PYR13][FSI]
(viv=9:1) 157
0.1 M LiFSlin [PYR13][FSI] 746
0.2 M LiFSl in [PYR13][FSI] 117
0.5 M LiFSI in [PYR13][FSI] 223
1 M LiFSIin [PYR13][FSI] 114
0.1 M LiFSI in [PYR13][TFSI] 378
0.2 M LiFSI in [PYR13][TFSI] 564
0.5 M LiFSI in [PYR13][TFSI] 452
1 M LiFS! in [PYR13][TFSI] 657
0.1 M LiFSI in
[PYR13][TFSI]/[PYR13][FSI] 349
(viv=1:1)
0.2 M LiFSl in
[PYR13][TFSI]/[PYR13][FSI] 314
(viv =1:1)
0.5 M LiFSl in
[PYR13][TFSI]/[PYR13][FSI] 660
(viv =1:1)
1 M LiFSlin
[PYR13][TFSI]/[PYR13][FSI] 206
(viv =1:1)
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Figure S1. Density of [PYR13][TFSI]/[PYR13][FSI] (a), LiFSI/[PYR13][FSI] (b), LiFSI/[PYR13][TFSI] (c)

Temperature (K)

Temperature (K)

and LiFSI/[PYR13][TFSI]/[PYR13][FSI] (1:1, v/v) (d). The dashed lines are linear fits.
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are the VFT fits that express viscosity as u = ,uoexp(—TEaT ).
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Table S2. Vogel-Fulcher-Tamman (VFT) parameters of conductivity and viscosity for IL/IL,

[Li][FSI]/IL, and [Li][FSI]/IL/IL mixtures.

/
T u u= ﬂoexP(T ljaT ) g o= o‘OTl/Zexp(T faT ) p i A+B
IL 0 0 x 1073T
(K) (cP) Lo E, To (mS/cm) 0y E, To (g/cm3) A B
303 56.84 5.05 1.42
308 46.19 5.94 1.42
[PYR13][TFSI] 313 3848 | 139 | 314.65 | 21830 6.98 5.72 -253.57 | 218.30 1.41 1.70 8.97
318 32.56 8.05 1.41
323 28.00 9.17 1.41
303 37.25 7.23 1.38
308 32.08 8.57 1.38
[PYRIS][(TVF:\?”:/[EI)MS][FS” 313 27.37 | 0.06 | 1277.21 | 103.36 10.14 155.32 118;).02 103.36 1.37 1.63 8.38
318 23.84 11.36 1.37
323 20.90 12.94 1.36
303 35.19 10.64 1.34
308 29.98 12.10 1.33
[PYR13][FSI] 313 26.13 | 1.50 | 301.98 | 207.47 13.69 7.26 -236.78 | 207.47 1.33 1.43 -2.82
318 22.98 15.23 1.32
323 20.33 16.84 1.32
303 35.19 10.64 1.34
308 29.98 12.10 1.33
[PYR13][FSI] 313 26.13 | 1.50 | 301.98 | 207.47 13.69 7.26 -236.78 | 207.47 1.33 1.43 0.28
318 22.98 15.23 1.32
323 20.33 16.84 1.32
303 39.01 9.28 1.34
308 29.85 10.74 1.34
0‘?P,:(AR[1L;]][[FFSS||]]m 313 2571 | 9.65 | 31.43 | 280.63 11.98 24.45 -22.40 | 280.63 1.33 1.58 0.7
318 22.50 13.33 1.33
323 19.92 14.73 1.33
303 40.32 9.40 1.35
308 34.23 10.85 1.34
0'?p'$R[1L;]][[T:SS||]]m 313 29.85 | 1.81 | 28821 | 21032 12.48 169.54 | -268.52 | 210.32 1.34 1.59 -0.80
318 26.25 14.11 1.34
323 23.15 15.65 1.33
303 46.44 | 0.87 | 462.84 | 186.66 8.02 11.30 -371.27 | 186.66 1.37 1.61 -0.81




308 | 39.62 9.33 1.36
0.5 M [LIl[FSI] in 313 | 33.82 10.86 1.36
[PYR13][FsI] 318 | 29.53 11.84 1.35
323 | 26.01 1336 1.35
303 | 60.52 6.26 1.39
308 | 50.53 6.97 1.39
l[mLLliL[]F[SF'S]I;n 313 | 4277 | 213 | 20075 | 21628 | 884 574 | -239.90 | 21628 | 139 | 164 | -0.83
318 | 37.00 1038 1.38
323 | 3237 1041 1.38
303 | 56.84 5.05 1.42
308 | 46.19 5.94 1.42
[PYR13][TFSI] 313 | 3848 | 139 | 31465 | 21830 | 698 572 | 25357 | 21830 | 141 | 170 | O%°
318 | 3256 8.05 1.41
323 | 2800 9.17 1.41
303 | 64.73 454 1.43
308 | 54.51 5.43 1.42
0'[1’%1[';’]]][[;2'? 313 | 4405 | 001 | 205138 | 7438 | 640 | 51941 | o | 7438 | 142 | 170 0.9
318 | 37.44 7.46 1.41
323 | 3171 8.67 1.41
303 | 67.12 3.96 1.43
308 | 54.31 4.51 1.43
Oﬁ) xl[;']][[;gs]”'" 313 | 4501 | 1.12 | 37012 | 21273 | 536 565 | 29341 | 21273 | 143 | 171 | O
318 | 3679 6.08 1.42
323 | 3239 7.25 1.42
303 | 99.34 3.12 1.46
308 | 80.07 3.74 1.45
O'[prll;i]][[;gls]l;n 313 | 6464 | 0.11 | 101122 | 154.06 | 4.49 5169 | -84541 | 15406 | 145 | 174 | 9
318 | 53.46 5.35 1.45
323 | 4466 6.26 1.44
303 | 17207 1.76 1.48
308 | 134.13 2.26 1.47
%P“ﬁ;;g][[FTSF']S:T 313 | 106.13 | 0.52 | 640.53 | 192.75 | 2.76 1517 | 55149 | 192.75 | 147 | 176 | -0.94
318 | 85.87 334 1.46
323 | 7084 3.96 1.46
303 | 37.25 7.23 1.38
[PYRIS]TFSI)/[PYRI3EFSI] | 3% | 3208 006 | 1277.21 | 10336 i 155.32 . 103.36 3 163 | 084
(viv=1:1) 313 | 27.37 10.14 1180.02 137
318 | 23.84 1136 1.37




323 20.90 12.94 1.36
303 41.48 6.78 1.39
308 3491 7.85 1.38
0.1 M [Li][FSI] in 0.84
[PYRI3][TFSI]/[PYR13][FSI] | 313 | 3033 | 7.97 | 71.58 | 259.74 | 9.56 2.20 75.96 | 259.74 | 1.38 164 |
(viv =1:1)
318 27.44 10.60 1.37
323 24.48 12.01 1.37
303 44.50 6.51 1.39
308 37.21 7.63 1.39
0.2 M [Li][FSI] in 05
[PYR13][TFSI)/[PYR13][FSI] | 313 | 3162 | 1.79 | 27042 | 21893 8.89 6.50 -241.05 | 21893 | 1.38 1.65 e
(viv=1:1)
318 27.40 10.21 1.38
323 24.04 11.59 1.37
303 58.84 4.77 1.41
308 48.89 5.66 1.40
0.5 M [Li][FSI] in 0.6
[PYR13][TFSI]/[PYR13][FSI] | 313 | 41.85 | 1.35 | 383.82 | 201.42 6.50 6.35 -318.93 | 20142 | 1.40 1.67 e
(viv =1:1)
318 36.74 7.30 1.39
323 31.24 8.33 1.39
303 85.87 4.32 1.43
308 69.21 5.21 1.43
1 M [Li][FSI] in
[PYR13][TFSI)/[PYR13][FSI] | 313 | 57.68 | 2.78 | 259.42 | 227.48 6.20 5.78 23924 | 227.48 | 1.43 1.70 -0.88
(viv=1:1)
318 48.71 7.34 1.42
323 41.84 8.56 1.42
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Figure S4. Raman spectrum of [Li]J[FSI] in [PYR13][TFSI]/[PYR13][FSI] (1:1, v/v). The spectral

resolution is 6.5 cm™.
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Figure S5. Local Raman spectrum of [Li][FSI]/[PYR13][FSI].

1
Raman Shift (cm )

oM

=]

.,‘_d, I

= 726

‘@

c

]

£

* 754
[
| | | | I I I
680 700 720 740 760 780 800 630 700 720 740 760
05 M

e

8

Z

"

c

2

<

680 700 720 740 760 780 800 680 700 720 740 760

800

1
Raman Shift (em )

0.50 30
14 = Before polarization
0.45 1 . 254 e After polarization
0404 * 20
]l e .
0354 °* -,
<C 4 R 154 n °
Eo0304 a "L
E 1 . ‘_"‘" 10 = - n '.
Lo254 3 N " o°
3 .1 i 5- " *
0.20 - Vf
0.15 - 0
0.10- -5
0.05 T T T T T " T v T T T T T -10 T T T T T T T
0 20 40 60 80 100 120 0 5 10 15 20 25 30 35 40
Time (min) Z'(Q))

Figure S6. (a) The time dependent dc polarization and (b) electrochemical impedance

spectroscopy (EIS) of 0.5 M [Li][FSI] in [PYR13][TFSI]/[PYR13][FSI] (1:1, v/v). The DC constant

potential applied was 10 mV. The frequency range of the EIS was 1072 to 10° Hz.
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Figure S7. Cycling of Li-Li cells with 0.5 M [Li][FSI] in [PYR13][TFSI]/[PYR13][FSI] (1:1, v/v)
electrolyte at 20°C. Left panel: cells with glass fiber separator. Right panel: cells with Solupor
separator. (aand d) 1 mA/cm?, (b and e) 10 mA/cm? (c and f) EIS plots before and after 500 cycles

at 1 mA/cm?.



