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Because of their potentially superior safety characteristics, room temperature ionic liquids (RTILs or ILs) have been vigorously
researched as a potential replacement for current commercial lithium battery electrolytes, which are based on volatile and flammable
organic carbonates. However, relatively poor battery performance, which is a consequence of the higher viscosity and lower
conductivity of these materials, has prevented them becoming mainstream electrolytes for commercial lithium batteries. Amongst
various RTILs, those containing the bis(fluorosulfonyl)imide (FSI) anion exhibit high conductivities and diffusivities, making them
interesting potential electrolytes for lithium metal batteries. Here, we evaluate the electrochemical stability, lithium electrochemistry,
and Li™ transference numbers of FSI-based ionic liquid electrolytes intended for use in rechargeable Li metal batteries. We show

that ILs containing high concentrations of lithium, up to 3.2 mol.kg

~1 in C3mpyr FSI, have excellent rate capability (higher than

that of standard battery electrolytes) with both the lithium metal electrode and LiCoO, cathode, in spite of their significantly higher
viscosities and lower conductivities. This unusual behavior is ascribed to the concomitant increase in transference number with

increasing Li-salt concentration.
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The challenge to develop suitable electrolytes having wide electro-
chemical windows and high Li* transference number for lithium-ion
batteries has become increasingly important as applications require
increases in capacity, charging rate and safety.! Room Temperature
Ionic Liquids (RTILs or ILs) are potential candidates as electrolytes.
These materials came to prominence in the late 1990’s as solvents
suitable for electrochemical reactions and over the last 15 years, there
have been many studies on ILs for battery applications, as evidenced
by significant numbers of patents and publications.>* These materi-
als have numerous features that should lend themselves for use in
high energy lithium batteries: negligible volatility, relatively high de-
composition temperatures when compared to traditional lithium bat-
tery electrolytes, high ionic conductivity and wide electrochemical
windows.*®

Of all anions to date, the sulfonylimide family are the most
studied, and show, in general, the best electrochemical perfor-
mance. ILs containing the bis(fluorosulfonyl)imide (FSI) anion ex-
hibit higher conductivities and diffusivities than the correspond-
ing bis(trifluoromethanesulfonyl)imide (TFSI or NTf,) compounds,
thereby generating interest as potential electrolytes for lithium metal
batteries.” ' However, there are several aspects of concern, including
high temperature stability and corrosion.!’!

The Li salt concentration in an IL is important for charging
and discharging of Li batteries, because in general, while increas-
ing the Li salt concentration increases the viscosity and decreases
the conductivity, it also increases the amount of lithium ions avail-
able in the IL.%° Seki et al. studied the effect of LiTFSI salt
concentrations (from 0 to 0.8 mol.kg™') on the performance of
1,2-dimethyl-3-propylimidazolium bis(trifluoromethylsulfonyl)imide
(DMPIMTESI). They measured conductivity, viscosity, electrochem-
ical impedance spectra (EIS) and the rate capability of a LiCoO,
cathode based cell, and found that the optimum salt concentration
was 0.4 mol.kg'.%

In most commercial lithium-ion batteries, a concentration of 0.8
to 1.2 M Li salt in organic liquid electrolyte is used to maximize
cell performance by achieving a balance between conductivity and
viscosity. Nyman et al. confirmed this optimum concentration effect
in an organic liquid electrolyte by measuring both conductivities and
transference numbers.?!

*Electrochemical Society Active Member.
“E-mail: Adam.Best@csiro.au

Following Zhou et al.’s electrochemical and physicochemical
studies on N-propyl-N-methylpyrrolidinium bis(fluorosulfonyl)-
imide (Csmpyr FSI) and  N-butyl-N-methylpyrrolidinium
bis(fluorosulfonyl)-imide (Cympyr FSI),'* Paillard et al. added
different amounts of LiFSI salts (mole ratios from O to 0.6, where a
mole ratio of 0.6 LiFSI : 0.4 Cympyr is equivalent to an LiFSI concen-
tration of 4.9 mol.kg™!) to C4ympyr FSI and performed physical and
electrochemical studies.!* Unlike previous reports showing that ad-
ditional lithium salts increased the cathodic electrochemical stability
in imidazolium-based TFSI ILs,?>? increasing the amount of LiFSI
salts in Cympyr FSI decreased the cathodic stability in their study;
this was attributed to the high level of impurities in the commercial
grade LiFSI salt used.'* They also demonstrated that the FSI anion
(in contrast to the TFSI anion) could establish a solid electrolyte
interphase (SEI) on graphite anodes without the need for additives.
FSI may also allow the exploitation of the high voltage plateaus
of materials such as LiNiypsMn; 50, and LiNij33Mng33C0(330,,
leading to higher energy lithium-ion batteries.>*~>® However, they did
not explain the effect of lithium concentration on electrochemical
and battery properties (other than the increased electrochemical
window). Best and Bhatt studied various lithium salts in CympyrFSI
at concentrations ranging from 0.2 to 1 mol.kg™', and found that
0.5 mol.kg~! LiBF; showed the widest electrochemical windows
and Li symmetric cell stability.'">?’ They also studied the lithium
electrochemistry of the FSI anion using cyclic voltammetry (CV)
and EIS, and showed that these electrolytes can be used to cycle a Li
metal anode.'>?’

In this work, we examine the effects of salt concentration on var-
ious electrochemical properties of C;mpyrFSI. In cycling lithium-
metal symmetric cells as a function of lithium salt concentration, we
show remarkably low cycling over-potentials at various current den-
sities. We demonstrate that because of the Czmpyr FSI IL’s stability
against lithium metal, the Bruce and Vincent method for measuring
transference numbers can be effectively used to determine t;;+ without
complications from the SEI layer. Finally, we show that ionic liquids
based on Csmpyr FSI with especially high concentrations of LiFSI
are able to effectively cycle batteries consisting of lithium anodes and
LiCoO, cathodes at high charge-discharge rates.

Experimental
Materials.— N-propyl-N-methylpyrrolidinium  bis(fluorosulfo-
nyl)imide  (Cs;mpyrFSI, purity > 99.9%) and lithium
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Table I. Salt concentrations in each electrolyte.

LiFSI conc. in IL Molar ratio of each ions

(molkg™") Lit Cympyrt FSI~
0 (neat IL) 0 0.50 0.50
0.8 0.10 0.40 0.50
1.6 0.17 0.33 0.50
2.4 0.21 0.29 0.50
32 0.25 0.25 0.50

bis(fluorosulfonyl)imide (LiFSI, purity > 99.5%) were both
sourced from Suzhou Fluolyte Co., Ltd., China. The moisture content
of all the electrolytes studied here were < 20 ppm, as determined
via Karl Fisher titration (Metrohm). Lithium metal was sourced from
China Energy Lithium Co., Ltd. (purity > 99.9%).

Electrolytes for these experiments were prepared by adding LiFSI
to CympyrFSI IL and stirring for 24 hours at room temperature in
an Ar- filled glove box (< 5 ppm O, and H,0O). Table I shows the
concentration of each electrolyte and molar ratio of each ion in solu-
tion. The highest Li salt concentration used in these experiments was
3.2mol.kg™!, which has an ion ratio of 1 Li*: 1 Csmpyr*: 2 FSI~.

Cyclic Voltammetry.— A 1 mm diameter Pt working electrode and
a Pt wire counter electrode were employed for cyclic voltammetry
and a 3 mm diameter Ni working electrode was also employed for
comparison. The surface area (0.009 cm™2) of the Pt electrode was
obtained by measuring a bis(cyclopentadienyl)iron(Il) (ferrocene, or
Fc) Fc | Fet redox peak currents determined using 5 mM Fc at scanning
rates of 20, 50, 100 and 200 mV.sec™', and then applying the Randles-
Sevcik equation.”® The surface area of Ni working electrode was
not measured but just calculated from the apparent diameter. The
reference electrode consisted of a silver wire immersed in a solution
of 10 mM silver triflate (AgTf, 99.95 + % purity, Aldrich) in N-butyl-
N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (C4mpyr
TFSI, Merck high purity specification, <100 ppm water, <100 ppm
chloride) and separated from the main solution by a glass frit, as
reported by Snook et al.”’ Therefore, the CV measurements were
performed against Ag | Ag* reference potential and converted into
Li | Li* redox potential. The potential was checked with a Fc | Fct
internal reference. The scan rate was 20 mV.s~!. Measurements were
obtained at 23 £ 3°C. Potentiostatic control was provided by an
Autolab Pgstat302 (Eco Chimie, Netherlands) controlled with GPES
(Version 4.9.005) software.

Coin cell preparation.— CR2032 size lithium symmetric cells
were prepared with 2 10 mm? diameter lithium disks and a Solu-
por 7PO3A separator (Lydall, Inc., UK) in an Ar-filled glove box.
Cells were then stored for 24 hours at 50°C.

LiCoO, electrodes consisted of 90 wt% LiCoO, (Nippon Chem-
ical Industrial, Japan), 5 wt% carbon black (Shawinigan) and 5 wt%
PVdF binder. Dry ingredients were ball milled together for 72 h, prior
to the addition of the binder (dissolved in N-methylpyrrolidone) to
form a slurry. The slurry was ball milled for a further 72 h prior
to being spread onto aluminum foil using a 60 pm graded roller.
Coated foils were allowed to dry overnight in a fume hood and
then dried further in a vacuum oven at 100°C for 72 h. The final
LiCoO, loading was approximately 4.5 mg.cm~2. LiCoO, cells were
prepared with the electrodes, Li disks, and Solupor 7PO3A separa-
tors (50 wm thick, micro-porous polyethylene). All cells were then
stored for 24 hours at 50°C before cycling to allow for wetting. The
specific capacities of the prepared electrodes were checked by mak-
ing cells with a standard battery electrolyte (1M LiPFs, EC:DMC
= 50:50 vol.%, Mitsubishi Chemical Co.).

Transference number.— Lithium symmetrical cells were used to
determine the Li™ transference number with the method described by
Evans, Bruce, and Vincent.?%3!
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Cells were polarized at 25°C with a constant voltage of 1.0 mV
for 5 min. 10 min. 20 min. or 2 hours and the currents during the po-
larization were measured. The EIS spectra were measured before and
after the polarization using a 1 mV perturbation. 24 hours recovery
was allowed between each experiment. All experiments were con-
ducted using a Solartron 1470 Battery test unit connected to a 1255B
Frequency response analyser with Corrwave ver. 3.1c and Z-plot ver.
3.1c.

Coin cell cycling.— Li | LiCoQ, cells were charged to 4.2 V and
discharged to 2.75 V at 0.1 C, 05 C, 1.0C, 1.5 C, 2.0 C, 3.0 C,
4.0 C or 5.0 C constant currents to measure charge and discharge rate
capability, and then cycled at 0.1 C at 25°C on a Maccor Series 4000
instrument.

Results and Discussion

Cyclic Voltammetry.— Cyclic voltammograms (20 mV.sec™! scan
rate) are presented for LiFSI dissolved in CsmpyrFSI at room tem-
perature using mainly a Pt working electrode in Figure 1. It is known
that a Pt working electrode forms an alloy with lithium during the re-
duction of lithium*? while there is no alloy formation when using a Ni
working electrode. For comparison purposes, we have embedded the
Ni working electrode CVs in Figure la and 1d. In Figure 1a, the Li*
reduction peak for 0.8 mol.kg™' solution was observed at —3.77 V vs.
Agl Ag*, and two distinct oxidation peaks were observed at —3.08 V
and —2.08 V with the main Li stripping occurring at —3.08 V and
successive Li under-potential deposition stripping and residual H,O
oxidation at higher potentials.*’

When the salt concentration is increased to 1.6 mol.kg™!
(Figure 1b) the Li* deposition peak moves to a more negative po-
tential, —3.87 V, while the corresponding Li stripping peak moves to
a more positive potential, —2.91 V, because of the decreasing ionic
conductivity and increasing viscosity of the electrolyte. This trend
persists at even higher solution concentrations, as shown in Figure
lc and 1d. Unlike Paillard et al., we do not observe a large parasitic
current prior to Li plating (which had been ascribed to the purity of
the LiFSI salt).'* Figure 1d and le show the electrochemistry at the
highest salt concentration, 3.2 mol.kg™!; in both cases, we do not
observe a well-defined lithium deposition peak. We have first cycled
the electrolyte to —5 V (Figure 1d) then to —6.5 V (Figure le) to
find the lithium deposition peak. After scanning reductively to —6.5
V vs. Ag | Agt (Figure le) a stripping peak is observed on the first
cycle, however, because of coincident electrolyte decomposition and
lithium deposition, the stripping peak current decreases rapidly, and
the peak is no longer observable after 5 cycles. Whilst we do not
observe a lithium deposition peak in Figure 1d, the cycling efficiency
is significantly higher when cycled in this narrower electrochemical
window. These two experiments allow us to determine that the bulk IL
reduction process occurs between —5 and —6.5 V in the 3.2 mol.kg ™!
electrolyte. Figure 1f shows that in all the solutions prepared here,
the cathodic stability is unchanged by the presence of various con-
centrations of lithium salt. Finally, we note that the shift in the peak
positions of the lithium deposition and stripping are also influenced
by the speciation of Li in solution, as evidenced by the changing NMR
Li chemical shift. This effect will be described in more detail in a
forthcoming paper.

Bhatt et al. reported that a salt concentration of 0.45 mol.kg™!
shows better cycling stability than 0.2 mol.kg~!.?” However, in this
study, the lowest Li concentration in the IL is 0.8 mol.kg™' and all
electrolytes in Figures 1c to 1f show essentially stable lithium de-
position and stripping for 5 cycles. Moreover, and very significantly,
the lithium deposition current densities for the highest salt concentra-
tions start at —30 mA.cm~2 (Figure 1d) and increases in magnitude to
—80mA.cm~2 (Figure le), equivalent to a 27A charge rate (or 7.5C
rate) in a 18650 cell having 3.6 Ah capacity with 4 mAh.cm~2 loading
on both sides of the Al current collector.** This shows the potential use
of these electrolytes for fast charging lithium batteries. In addition,
this trend also remains when using Ni working electrode. Figure 2
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Figure 1. Cyclic voltammograms (Pt working electrode, 20 mV.sec™!, room temperature) for concentrated LiFSI in C3mpyrFSI ILs: a) 0.8 molkg~',
b) 1.6 mol.kg™", ¢) 2.4 mol.kg~',(d) 3.2 mol.kg~! =5 V cutoff, (e) 3.2 molkg™", —6.5 V cutoff 1% cycle (solid line) and 5™ cycle (dashed line) compared
with the neat IL (dotted line, arbitrary current range), (f) Anodic electrochemical limits. The embedded boxes in the figure (a) and (d) are the CV with Ni working
electrode. Note: Top axis is converted to the Li | Li* redox potential from Ag | Ag* potential (bottom).

shows the Li deposition and stripping efficiencies for the different
salt concentrations studied in this work. The Coulombic efficiency is
higher at concentrations such as 2.4 mol.kg~! or 3.2 mol.kg~!, which
can be attributed to the high number of charge carriers in solution.

Cycling performance of Cs;mpyrFSI lithium symmetrical coin
cells.— We have constructed Li symmetrical cells to determine if
the stability of Li cycling depends on the lithium salt concentra-
tion. These cells have been cycled at different current densities from
0.01 mA.cm~2 to 1 mA.cm~2, at room temperature. The voltage-time

responses for the different salt concentrations are shown in Figure 3.
Each cell shows that, for any given applied current density, the over-
potential remains relatively stable; the most significant changes occur
with changes in salt concentration. The cell resistance increases with
increasing molar concentrations of Li salt up to 2.4 mol.kg™!, and
then decreases when the salt concentration reaches 3.2 mol.kg~!. The
internal resistance values calculated from the DC polarizations are
several hundred ©2.cm™2, as expected from the resistivities of the elec-
trolytes obtained from EIS measurements. When the polarization cur-
rent density was increased to 0.1 mA.cm™2, (Figure 3b) the same trend
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Lithium Transference numbers.— The transference number is the
fraction of current transported by Li* in an electrolyte and, possibly,
the most important quantity for lithium batteries.>>~" It is desirable for
electrolytes to have a transference number of unity." The traditional
method to determine a transference number is the Hittorf method*®

100

Efficiency (%)

—&— 0.8 mol.kg"
—-0--1.6 mol.kg"
--A--2.4 mol.kg”
—w— 3.2 mol.kg"

1

2

3
Cycles

Figure 2. Li stripping/deposition columbic efficiency during the first Scycles.

was observed, however, a significant instantaneous over-potential was
observed for every cell. Figure 3¢ shows the voltage-time response at
1 mA.cm~2 for the 2.4 mol.kg~! electrolyte. There are two discrete
over-potentials observed during the polarization: the over-potential in
the initial polarization (circled) indicates the kinetic limit of the IL sys-
tem, and the second one during the final polarization (arrow) indicates
a dendritic lithium morphology.'>*” It should be noted that the over-
potential decreases as the polarization continues; this was previously
observed by Best and Bhatt and ascribed to the increasing geometric
surface area of the electrode which meant that the actual applied cur-
rent density is less than the apparent applied current density.'>*’ In
conclusion, we found no significant correlation between salt concen-
tration and lithium symmetric cell cycling performance.

and in this method, constant current is applied, and the changes in
voltage with time are used to compare the effective charge carried to
the applied charge. However, this method cannot be directly applied to
an electrolyte which consists of several ionic species, or where there
is growing passivation film on the electrode which affects potential.
Initially, when a symmetrical cell is polarized, all positive ions (Li*,
Cs;mpyr* in this experiment) migrate toward the negatively polarized
electrode, while negative ions migrate toward the positively polarized
electrode. However, after a certain time a steady state is reached
and a charge concentration gradient is established, where only Li*
moves toward the opposite electrode. By measuring the initial and
steady state currents, the portion of the charge carried by Lit can
be obtained. Considering the solution concentration gradient and the
increasing passivation layer, Bruce, Evans and Vincent demonstrated

that an ion transference number in a symmetric cell can be calculated
.30.38
as;™

+ _ Is(AV —IRy)

B 1AV — IsRs) ]

where, AV is the potential applied across the cell, 7;;* is the lithium
transference number, I and Ig are the initial and steady state currents
during the polarization, and Ry and Rg are the initial and steady state
resistances of the passivation layers. The authors applied this equa-
tion to polymer electrolyte systems, but subsequent researchers have
shown that the equation can be adapted to ionic liquid electrolytes,
where stable passivation layers form.**' This equation may be used
by applying a constant voltage, and measuring the initial and steady
state currents, along with the resistance of the passivation film before
and after the polarization. Due to the stability of the IL electrolyte
toward the Li metal electrode, we show that the impedance change

%% 2.4 mol.kg” 0107 ) 2.4 molkg” 3.2molkg’
3.2 mol.kg” J\,
0.01 'F”F L0054 YQJJ Y A ~~2~ |
a0 ”lﬁﬂlﬁﬂﬂuggf 1.6 mol.kg 1.6 mol.kg
'#!!;!!!!F!!!!”‘ ! I J j .8 mol.kg”
. 0.8 mol.kg"
S 0.00- 0.00-
w
NESENESESENINENININEVIVIN NI R, 4 N
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-0.02 , ; ; ; : ; , -0.10 : ; ; ; ; ; ;
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w
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Figure 3. Voltage-time profiles for Li symmetric cells: a) 0.01 mA.cm~2 for 4 different electrolyte concentrations, b) 0.1 mA.cm~2 for 4 different electrolyte
concentrations, c) 1.0 mA.cm~2 for 2.4 mol.kg~! electrolyte, d) magnification of c).
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Figure 4. Polarization and EIS of Li symmetric cells. (a) Equivalent circuit used to determine electrode resistances (b) a cell reaching a steady state current.
(c) EIS of 0.8 mol.kg*1 LiFSI in C3mpyrFSI (d) EIS of 3.2 mcol.kg*l LiFSI in C3mpyrFSI. (e) EIS of the cell used in figure (b), taken before the cell was polarized;

fit to equivalent circuit in (a) also shown.

of the bulk electrolyte before and after the polarization is negligible,
which allows us to use this simplified approach with confidence.

To determine the resistances of passivation layers before and after
polarization, an equivalent circuit proposed by Zugmann et al. was
used (as shown in Figure 4a).*’

Figure 4b is an example of the polarization of a symmetrical cell
containing 0.8 mol.kg~" LiFSI in C3mpyr FSI for 300 seconds. In
contrast with previous studies on PEO or plastic crystal electrolytes,
which required several hours to reach steady state current, the cells
reached steady state current within several minutes. In some cells,
particularly those with lower Li salt concentration (0.8 mol.kg™!), an
increase in current was observed after the cell had been at steady state
for some time (Figure 4d). This phenomenon was not observed in the
cells with the highest lithium concentrations (3.2 mol.kg~!). This may
be due to the presence of an unexpected side reaction on the lithium
surface when the concentration of Li™ is not sufficient. To determine
Iy and Is, any cells which showed increasing current after steady
state, did not reach steady state or showed short circuit behavior were
eliminated, and the remaining cells were used to calculate the average
values for each electrolyte concentration. Figure 4c is an example
EIS of a Li symmetric cell containing 0.8 mol.kg~" Li salt in the IL
electrolyte, while 4e shows the EIS of a cell containing 3.2 mol.kg™!
Li salt. With increasing concentration, R, increases from 7-8 Q in
0.8 mol.kg™! to 28-32 Q in 3.2 mol.kg™!, while the R; + R, value

decreases from approximately 2,000 € in 0.8 mol.kg™! to 600 € in
3.2 mol.kg~!. This implies that the passivation layer formed on the
lithium electrodes depends strongly on the concentration of Li*, and
that an increase in Li™ concentration reduces the surface impedance.
The cells were polarized at 1.0 mV for 2 hours 3 times. It should
also be noted that the EIS did not change significantly after these
polarizations.

The calculated transference numbers for different salt concentra-
tions are shown in Figure 5 (with error bars) and are collated in
Table II, along with conductivities, viscosities, and densities at 25°C.
The density and viscosity increase, and the ionic conductivity de-
creases, with increasing salt concentration. The transference numbers
vary from 0.1 to 0.2 as the LiFSI concentration changes. There is a
general trend that increasing the salt concentration increases the

Table II. Transference numbers of each concentrated Li*
electrolyte at 25°C.

Salt concentration d (g.cm_3) v (cP) o (mS.cm™ ) Ave 1;
0.8 mol.kg~! 1.413 494 3.40 0.113
1.6 mol.kg™! 1.454 85.7 2.02 0.140
2.4 mol.kg™! 1.495 136 1.23 0.185
3.2 mol.kg™! 1.536 253 0.821 0.183
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Figure 5. Li" transference number for different LiFSI concentrations in
Czmpyr FSI, showing average values and standard deviations.
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transference number, although it is not clear if there is an optimum
point between 2.4 mol.kg~! and 3.2 mol.kg~". This result corresponds
with that previously reported by Ferrari et al. in their N-methoxyethyl-
N-methylpyrrolidinium TFSI and LiTFSI systems.*> However, they
did not explain why this result was obtained. Our measured transfer-
ence numbers are similar to the 0.13 value determined by Seki et al. for
0.32 mol.kg~! LiTFSI in different ILs,*' but are much lower than the
0.6 value reported by Han et al. for a LiFSI-ammoniumFSI equimolar
system*® or the 0.4 value reported by Fernicola et al. for a TFSI-based
system.*? It should be noted that most electrolyte research has been
conducted in the 0.5 mol.kg~! to 1.0 mol.kg~! range of added Li salts,
but in some cases the optimum concentration may be much higher, as
we have demonstrated here for the FSI-based electrolyte.

Li | LiCoO; cells.— First, the LiCoO, electrode pasted onto Al
foil was characterized in combination with a commercial standard
battery electrolyte. Cells were cycled from 2.75 V to 4.2 V at various
rates between 0.1 C and 5.0 C followed by several additional cycles
at 0.1 C. The initial 0.1 C charge capacity was 137 mAh.g~! and
discharge capacity was 131 mAh.g™!, equating to 96% initial effi-
ciency in Figure 6a, which is slightly lower than the known practical
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Figure 6. Charging and discharging rate capability results for Li | LiCoO; cells with Solupor 7P separator. The conditions were 0.1C, 0.2C, 0.5C, 1.0C, 1.5C,
2.0C, 3.0C, 4.0C and 5.0C rates consequently from 2.75 V to 4.2 V at room temperature. (a) 1M LiPFg in EC:DMC (50: 50 vol.%) for comparison,
(b) 0.8 mol.kg™1, (c) 1.6 mol.kg™!, (d) 2.4 mol.kg™!, () 3.2 mol.kg~" LiFSI in C3mpyr FSI.
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Figure 7. 1 C to 5 C Charging profiles magnified from Figure 8: Solid bold
line : Organic liquid electrolyte (1M LiPFg, EC:DMC = 50:50 vol.%, from
Figure 8a), Dash line : 3.2 mol.kg ™! LiFSI in C3mpyrFSI from Figure Se.

capacity of LiCoO,."** When the charge/discharge rate was over 1 C,
a small distortion in the profile was observed in all cells, which be-
came more noticeable at the higher rates. Of the six replicate cells
tested, only one cell allowed charging up to the 3 C rate (the remain-
ing five couldn’t be charged at this rate). No cells using this standard
liquid electrolyte could be charged above 4 C. These cells recovered
their initial capacity when a 0.1 C rate was applied. We confirmed that
the standard liquid electrolyte can be a limiting factor for high rate
charge and discharge, although the actual limiting rate will vary with
different electrode formulations, separators and cell configurations.
Thus, in these experiments, the 3 C charging rate was the limit for the
organic liquid electrolyte used, 1M LiPFg in EC:DMC (50:50 vol.%).
Figure 6b to 6e presents the results of coin cells containing
Cs;mpyrFSI electrolyte with different lithium salt concentrations, from
0.8 to 3.2 mol.kg~!. The initial 0.1 C capacity with 0.8 mol.kg™!
lithium salt was 118 mAh.g~!, which is lower than the standard battery
electrolyte reference (Figure 6b); this can be ascribed to the higher
viscosity and lower conductivity of this ionic liquid electrolyte.?’
When the salt concentration is increased to 1.6 mol.kg™! (Figure 6¢),
surprisingly, the capacity increased to 132 mAh.g~! even though the
viscosity is higher and the conductivity is lower than the 0.8 mol.kg~!
solution. This result is in agreement with the increased current ob-
served in the CV data previously presented in Figure 1. A decrease in
capacity to 120 mAh.g~' at 2.4 molkg™' and further increase to
135mAh.g~! at 3.2 mol.kg™! (Figure 6d and 6e) were also seen.

4.2-
4.0
3.8-
3.6

3.4

Voltage (V)

3.2

3.0

2.8

A1635

The 2 C rate capacity in the 0.8 mol.kg™! electrolyte was also

inferior to that of the organic liquid reference. However, the perfor-
mance improved when the lithium salt concentration was increased
to 1.6 mol.kg™! or higher. The capacity reached the same charge and
discharge capacity within a tolerance range at 3 C. A significant dif-
ference was observed at the higher charge/discharge rates of 4 C and
5 C. Whilst no cell successfully charged at 4 C with the standard
electrolyte, all cells with FSI were successfully cycled at4 C and 5 C
charge/discharge rates. When the salt concentration is 3.2 mol.kg~!,
50-60 mAh.g~! (or approximately 40% of the initial 0.1 C discharge
capacity) was observed, as shown in Figure 6e. To put these results in
perspective, Matsumoto et al. conducted similar experiments using a
Csmpyr FSI ionic liquid with 0.3 mol.kg~" LiTFSL,’ however, their
results showed approximately 35 mAh.g~! discharge capacity at the
3 C rate with a 1.0-1.5 mg.cm~2 LiCoO, loading (i.e., 3 C current
density is 0.42 mA.cm~2 to 0.81 mA.cm™2)** compared to the ap-
proximately 4.5 mg.cm~?2 loading used in this work (i.e., 3 C current
density is 2.43 mA.cm™2). This clearly demonstrates the superior re-
sults of this work with significantly higher active material loading and
salt concentrations.

The 1 Cto 5 C charging profiles from Figure 6a and 6e are presented
in Figure 7 for comparative purposes. The cell with the standard or-
ganic electrolyte showed significantly higher over-voltage at the high
charging rates at the initial stage; this over-voltage caused by the coin
cell impedance, caused the cell voltage to reach 4.2 V instantaneously,
resulting in a premature end of the charging step. Additional cells were
prepared and cycled with different charging method to verify the low
rate capability of organic electrolyte at high current rate is only of
the observed over-voltage. The discharging rate capability of the cells
with a fixed low current (0.1C) charging rate is presented in Figure 8.
Figure 8a is the discharging profiles with the standard organic elec-
trolyte. It was shown that the charging profiles vary with cycles and
the efficiency (discharging capacity / charging capacity) at the 5C rate
charging and discharging is much greater than 100%, which was due
to the remaining capacity of the previous cycle (4C) discharge. It is
interesting that the cell with the standard organic electrolyte shows
relatively low discharge rate capability at high C rate over 4C than the
cell having FSI IL based electrolyte (Figure 8b). This implies that the
relatively low discharge capability of the cell with standard organic
electrolyte is not only the problem of over-voltage during high rate
charging, but also of its intrinsic characteristics. Considering charging
rate limit caused by over-voltage problem, since the cell impedance
is high for the coin cells in this study, the charging rate limit in this
study may be relatively low when compared to commercial lithium
ion batteries. However, the cells using the FSI based electrolyte, which
have the same configuration as the cell with standard electrolyte, do
not show this over-voltage behavior at the start of charging in spite
of its higher viscosity. This indicates that the Li* transport mecha-
nism may be different in the ionic liquid electrolyte compared to the

0.1C

0.5C

5 5.0C

0 20 40 60 8 100 120
Capacity (mAh.g")

140 0 20 40 60 8 100 120 140

Capacity (mAh.g")

Figure 8. 0.1 Cto 5 C discharging rate capability results with fixed 0.1C rate charging for Li | LiCoO; cells with Solupor 7P separator; (a) 1M LiPFg in EC:DMC

(50: 50 vol.%) for comparison, (b) 3.2 mol.kg~! LiFSI in C3mpyr FSI.
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Figure 9. (a) A cycle profile of a Li | LiCoO, coin cell with 3.2 mol.kg~! LiFSI in C3mpyr FSI electrolyte, (b) Charge/discharge capacity of cells during cycling.

standard organic electrolyte. We will elaborate on this further in our
forthcoming paper.

After the rate capacity measurement, the cell with 3.2 mol.kg™!
Li salt FSI electrolyte was cycled successfully, as shown in
Figure 9a. However, the cells with lower lithium concentrations show
significant capacity fade during cycling. Most of the cells containing
0.8 mol.kg™! to 2.4 mol.kg~! Li salt did not survive beyond 5 cycles at
0.1 C after the tests at 5 C, but the 3.2 mol.kg™! cycled more reliably
as shown in Figure 9b. The cells with lower lithium concentration
electrolytes failed after cycling and could not be charged up to 4.2 V.
The cells with 3.2 mol.kg~! Li salt also showed a continuous decrease
in discharge capacity after 5 C cycling. This phenomenon may be due
to consumption of lithium ions during the high rate charge and dis-
charge, or may due to degradation of the prepared LiCoO, electrode
in the presence of the IL.*® Further investigations will be performed
to understand this phenomenon. The important point here is that the
barrier to high rate charging and discharging because of transport lim-
itations in the cell, as was observed when using a conventional organic
liquid electrolyte system, is overcome in the FSI system. We expect
this FSI system to show even better rate performance when combined
with high rate cathode and anode materials.

Conclusions

We describe ionic liquid electrolytes, based on the
bis(fluorosulfonyl)imide (FSI) anion with LiFSI salts, that show
high rate charge and discharge characteristics. The C;mpyrFSI ionic
liquid can dissolve lithium salt up to a 1:1 IL:Li salt concentration
ratio; this concentrated electrolyte then allows the Li metal electrode
to be cycled at high current density. Transference numbers have also
been measured in these cells to determine the lithium salt concen-
tration effect on lithium cell performance. There is a concomitant
increase in transference number from 0.1 to 0.2 with increasing salt
concentration.

Li | LiCoO, batteries, prepared using this FSI electrolyte, show
better rate capability than those made with 1M LiPFs in EC:DMC
organic liquid electrolyte at higher than 3C charge and discharge rates,
in spite of the significantly higher viscosity and lower conductivity
of the IL. Importantly, the electrolyte containing 3.2 mol.kg~! Li salt
(i.e., a 1:1 molar ratio of salt and IL) showed the best high-rate cycling
performance. This implies that the lithium transport mechanism in
these high lithium concentration IL electrolytes may be different,
to allow high rate charge and discharge. Finally, we expect this FSI
system to show better charge and discharge capability when combined
with a fast-charging electrode material.
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