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a b s t r a c t

In this paper we report the results of chemical-physical investigation performed on ternary room tem-
perature ionic liquid–lithium salt mixtures as electrolytes for lithium-ion battery systems. The ternary
electrolytes were made by mixing N-methyl-N-propyl pyrrolidinium bis(fluorosulfonyl) imide (PYR13FSI)
and N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl) imide (PYR14TFSI) ionic liquids with
lithium hexafluorophosphate (LiPF6) or lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). The mix-
tures were developed based on preliminary results on the cyclability of graphite electrodes in the IL-LiX
binary electrolytes. The results clearly show the beneficial synergic effect of the two ionic liquids on the
electrochemical properties of the mixtures.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Current high power electrochemical energy storage tech-
ologies (rechargeable Li-ion batteries and carbon or hybrid
upercapacitors) rely on small amount of electrolytes based on
rganic, volatile and flammable solvents, which represent major
afety problems when applied to many novel applications. In fact,
he very small amount of electrolyte present in these devices (nec-
ssary for the high power requirement) combined with its low
eat capacity makes possible very localized heating to develop in
he thermal runaway of the entire device. This, rather than the
lectrical performance, represents the main drawback presently
olding the lithium-ion technology from a wide deployment in
ybrid electric vehicles. In order to make high power electrochem-

cal energy storage devices safer and to improve their performance,
lectrolytes are required that possess the beneficial properties

f ILs (absence of volatility, extremely low flammability, high
hermal stability and high heat capacity). Ionic liquids (ILs) rep-
esent a very interesting new class of room temperature fluids.
heir beneficial properties have attracted a large attention for the
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use of ILs as “green” solvents for chemical reactions, bi-phasic
catalysis, chemical synthesis, separations [1–5]. More recently,
ILs have been largely investigated as electrolytes (or electrolyte
components) for electrochemical devices including recharge-
able lithium batteries, fuel cells, double-layer capacitors, hybrid
supercapacitors, photoelectrochemical cells, and electrodeposi-
tion of electropositive metals [6–16] due to their hydrophobicity,
high ionic conductivity and electrochemical stability. In previ-
ous papers, [14–16] we successfully demonstrated that addition
of ILs as N-alkyl-N-methylpyrrolidinium bis (trifluoromethanesul-
fonyl)imides, PYR1ATFSI (A = n-propyl or n-butyl), to PEO-based
membranes enhances the ionic conductivity above 10−4 S cm−1 at
room temperature [16]. PEO-LiX-IL electrolyte systems were tested
at low and medium temperatures in dry, all-solid-state, Li/V2O5
and Li/LiFePO4 polymer batteries that delivered large capacities
with high reversibility and very good cycling performance. We
also showed that PYR13TFSI (and its mixtures with LiTFSI) could
be incorporated in fluorinated polymer matrices (PTFE and PVdF),
which are commonly used as electrolyte membranes (and electrode
binders) in lithium and lithium-ion batteries [17]. The resulting

solid polymer electrolytes showed good electrochemical perfor-
mance.

The reversible lithium intercalation into graphite electrode in
ionic liquid-based electrolytes, e.g., EMIFSI-LiTFSI, was demon-
strated by Ishikawa and co-workers [18]. In this and in a following
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Table 1
Mole composition of (x)PYR13FSI/(1 − x)PYR14TFSI/(0.3 M)LiTFSI and (x)PYR13FSI/
(1 − x)PYR14TFSI/(0.3 M)LiPF6 ternary mixtures.

PYR13FSI PYR14TFSI

Mole fraction Weight fraction Mole fraction Weight fraction

0 0 1.00 1.00
0.07 0.05 0.93 0.95
0.13 0.10 0.87 0.90
0.25 0.20 0.75 0.80
0.37 0.30 0.63 0.70
0.48 0.40 0.52 0.60
0.58 0.50 0.42 0.50

the PYR13FSI/PYR14TFSI blends to obtain a lithium salt mole con-
centration equal to 0.3 molar. Such a salt concentration was fixed
on the basis of preliminary cycling test results obtained on car-
bonaceous anodes. Table 1 reports the mole composition of the
PYR13FSI-PYR14TFSI-LiX ternary mixtures.
00 G.B. Appetecchi et al. / Journal o

anuscript we report the results of our investigations for the
se of PYR13FSI-PYR14TFSI-LiTFSI and PYR13FSI-PYR14TFSI-LiPF6
ernary mixtures as electrolytes for lithium-ion battery systems.
he rationale behind the mixing of the two ILs relied on the pos-
ibility of combining their different properties with a synergic
ffect. PYR14TFSI and its mixtures with lithium salts were found
o have good room temperature ionic conductivities (> 1 mS cm−1)
nd overall stability windows exceeding 5.5 V with the cathodic
tability limit exceeding the lithium plating/stripping potential
19]. N-methyl-N-propyl pyrrolidinium bis(fluorosulfonyl)imide,
YR13FSI, has shown a lower viscosity because of the reduced
teric hindrance of the (PYR13)+ cation and, especially, the (FSI)−

nion. In addition, PYR13FSI exhibits a lower melting point thus
esulting in its high conductivity values (1.8 mS cm−1) also at low
emperatures (−5 ◦C) [20] In addition, the electrolyte formed by
issolving LiTFSI in PYR13FSI has been reported able to allow
eversible lithium insertion/deinsertion in graphite electrodes.
evertheless, this latter IL (PYR13FSI) shows a lower electrochemi-
al stability window than PYR14TFSI and, also important, a much
igher cost due to the more difficult purification of the FSI−

nion.
In order to verify if the favorable properties of the two ILs

ould be combined, blends of PYR13FSI and PYR14TFSI ionic liq-
ids were prepared. The ternary PYR13FSI/PYR14TFSI/LiX mixtures
ere obtained by dissolving a suitable lithium salt in the binary

YR13FSI-PYR14TFSI blends. The lithium salt LiPF6 and LiTFSI where
elected for two different reasons: LiPF6 is the most common
ithium salt employed in lithium-ion batteries [21] because it offers
ood electrolyte conductivities, [22,23] good film-forming ability
n carbonaceous anodes [23] and, finally, stabilizes the cathodic
aluminum) current collector toward oxidation [24]. On the other
and, LiTFSI was selected for comparison purposes to investigate
he effect of PF6

− anion (TFSI- anion is already present in the sys-
em).

In this paper we report the electrochemical (ionic conduc-
ivity and electrochemical stability window) properties of the
ernary PYR13FSI/PYR14TFSI/LiPF6 and PYR13FSI/PYR14TFSI/LiTFSI

ixtures. The performance of these mixtures as electrolytes for
ithium intercalation in graphite will be reported in a following

anuscript.

. Experimental

.1. Synthesis of ionic liquids

The PYR14TFSI and PYR13FSI room temperature ionic liquids
ere synthesized through a novel procedure developed at ENEA

nd described in details in previous papers [14,25]. The chem-
cals N-methylpyrrolidine (97 wt. %), 1-bromopropane (99 wt.%),
-bromobutane (99 wt.%), ethyl acetate (ACS grade >99.5 wt. %),
ctivated carbon (Darco-G60) and alumina (acidic, Brockmann I)
ere purchased by Aldrich and used as received. LiTFSI (99.9 wt.%,
M battery grade) and LiFSI, lithium bis(fluorosulfonyl)imide (DAI-
HI KOGYO SEIYAKU Co., LTD, 99.9 wt.%, battery grade) was used
s received. Deionized H2O was obtained with a Millipore ion-
xchange resin deionizer. The precursors (PYR13Br and PYR14Br)
ere synthesized by reacting N-methylpyrrolidine (PYR1) with the

ppropriate bromopropane or bromobutane in presence of ethyl
cetate. The ionic liquids were synthesized by reacting aqueous
olutions of PYR13Br (or PYR14Br) and LiFSI (or LiTFSI). The reaction
ed to the formation of the hydrophobic PYR13FSI (or PYR14TFSI)

nd hydrophilic LiBr.

The water content in the ionic liquids was measured using the
tandard Karl Fisher method. The titrations were performed by an
utomatic Karl Fisher coulometer titrator (Mettler Toledo DL32) in
ry-room (R.H. < 0.1%) at 20 ◦C. The Karl Fisher titrant was a one-
1.00 1.00 0 0

The parameters x and (1 − x) are the mole fractions of PYR13FSI and PYR14TFSI, respec-
tively. The weight fractions of PYR13FSI and PYR14TFSI are reported for comparison
purpose. The lithium salt (i.e., LiTFSI and LiPF6) concentration was fixed to 0.3 molar.

component (Hydranal 34836 Coulomat AG) reagent provided from
Aldrich.

2.2. Preparation of ternary mixtures

The (x)PYR13FSI/(1 − x)PYR14TFSI/LiPF6 (set 1) and (x)PYR13FSI/
(1 − x) PYR14TFSI/LiTFSI (set 2) mixtures were prepared by blending
the PYR13FSI and PYR14TFSI ionic liquids in the appropriate pro-
portions. The mole fraction, x, was ranged from 0 through 1. Then,
LiPF6 (Merck, battery grade, used as received) and LiTFSI (previ-
ously dried under vacuum at 120 ◦C for 18 h) were dissolved in
Fig. 1. Initial cyclic voltammetry curves of KS6 graphite composite electrode
in (0.3 M)LiTFSI-PYR13FSI (panel A) and (0.3 M)LiTFSI-PYR14TFSI (panel B) elec-
trolytes. Lithium was used for the counter and the reference electrode. Sweep rate:
0.05 mV s−1. T: 20 ◦C.
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ig. 2. Linear sweep voltammetries of neat PYR13FSI and PYR14TFSI ionic liquids
t 20 ◦C. Platinum was used for the working and counter electrodes. The reference
lectrode was a silver wire immersed in a 0.01 M solution of AgCF3SO3 in PYR14TFSI.
can rate: 5 mV s−1.

.3. Preparation of graphite electrodes

Graphite electrodes were coated on copper foil by doctor blad-
ng a mixture of 90% graphite KS6 (TIMCAL) – 7% Carbon SuperP
TIMCAL) – 3% PVdF binder (Kynar 761, ARKEMA) dispersed in
-methylpyrrolidone (NMP, Aldrich). The dried electrodes had an
ctive material mass loading ranging from 0.2 to 0.6 mg cm−2.

.4. Electrochemical tests

All electrochemical tests were performed in the dry-room. The
onic conductivity of neat PYR13FSI and PYR14TFSI ionic liquids
nd (x)PYR13FSI/(1 − x)PYR14TFSI/LiX mixtures was determined by
conductivity meter AMEL 160. The samples were housed in sealed,
lass conductivity cells (AMEL 192/K1) equipped with two porous
latinum electrodes (cell constant of 1.00 ± 0.01 cm). The cells were
ssembled in the dry-room. The conductivity tests were performed
n the temperature range from–40 to 100 ◦C by using a climatic test
hamber (Binder GmbH MK53). The entire set-up was controlled
y software developed at ENEA.

In order to fully crystallize the materials, the cells were
mmersed in liquid nitrogen for a few seconds and then transferred

◦
n the climatic chamber at −40 C. After a few minutes of storage
t this temperature, the solid but amorphous samples relaxed and
urned again liquid. This route was repeated until the ionic liquid
nd mixture samples remained solid at −40 ◦C. In previous work it
as demonstrated that a not careful crystallization process of the

able 2
ithium intercalation/deintercalation capacity in composite graphite electrodes recorded

lectrolyte Cycle Insertion capacity
(mA h g−1)

.3 M LiTFSI in PYR13FSI 1 443.4
2 283.1
3 278.1
Film formation capacity: 108.8 mA h g−1 (24.5%

.3 M LiTFSI in PYR14TFSI 1 302.4
2 174.5
3 167.3
Film formation capacity: 114.2 mA h g−1 (37.7%

he film formation capacity corresponds to the charge consumed above 500 mV during th
Fig. 3. Cycle performance of KS6 graphite composite electrode in (0.3 M)LiTFSI-
PYR13FSI electrolyte. Lithium was used for the counter and the reference electrode.
Charge/discharge rate: 1C. T: 20 ◦C.

ionic liquid may generate non-equilibrium states of the sample that
affect the thermal properties as well as the conductivity results [26]
Finally, after a storage period at −40 ◦C for at least 15 h, the conduc-
tivity of the materials was measured in the −40/100 ◦C temperature
range by running a heating scan at 2 ◦C h−1. For the LiPF6-based mix-
tures the heating scan was limited to 60 ◦C in order to minimize the
dissociation of (PF6)− anion:

(PF6)− → PF5 + F− (1)

This reaction, promoted by temperature, leads to formation of
fluoride anion that in presence of water traces gives hydrofluoric
acid (HF) [27,28]. As it is well known, the latter is not welcome in
electrochemical devices since irreversible decomposition phenom-
ena may occur (i.e., corrosion of current collector, etc.) [27,28].

The electrochemical stability window of neat PYR13FSI and
PYR14TFSI ionic liquids and (x)PYR13FSI/(1 − x)PYR14TFSI/LiX mix-
tures was evaluated by linear sweep voltammetries (LSVs) at
5 mV s−1. A sealed, three-electrode, glass micro-cell, described in
details in a previous paper, [29] was used for the LSV tests. The
cell was loaded with a small amount of ionic liquid or mixture
sample (about 0.5 ml). A glass-sealed, platinum working microelec-
trode (active area = 0.78 mm2) and a platinum foil counter electrode
(about 0.5 cm2) were used. The reference electrode was a silver
wire immersed in a 0.01 M solution of AgCF3SO3 in PYR14TFSI,
separated from the cell compartment with a fine glass frit. This
reference electrode, proposed elsewhere, [30–33] was found to be
stable for at least 3 weeks. High purity argon (3 ppmv water and
2 ppmv oxygen) was flown over the ionic liquid or mixture sam-
ple under investigation for 30 min before the start of the test. The

gas flow was continued during the experiment. Separate LSV tests
were carried out on each sample to determine the cathodic and
anodic electrochemical stability limits. The measurements were
performed scanning the cell potential from the open circuit poten-
tial (OCP) towards more negative (cathodic limit) or positive (anodic

during cyclic voltammetry experiments (Fig. 1A).

Deinsertion capacity Reversibility
(mA h g−1) (%)

128.9 29.1
219.6 77.6
232.6 83.6

of 1st cycle charge capacity)
45.1 14.9
36.6 21.0
43.1 25.7

of 1st cycle charge capacity)

e first intercalation process.
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ig. 4. Ionic conductivity vs. temperature dependence of neat PYR13FSI and
YR14TFSI ionic liquids.

imit) voltages. Clean electrodes and a fresh sample were used for
ach test. To confirm the results obtained the LSV tests were per-
ormed at least twice on different fresh samples of neat PYR13FSI
nd PYR14TFSI and each x)PYR13FSI/(1 − x)PYR14TFSI/LiX mixture.
he measurements were performed at 20 ◦C using an Schlumberger
Solartron) electrochemical interface (model 1287) controlled by a
oftware developed at ENEA.

Sealed Li/graphite (T-shaped) cells were assembled in a dry-box
H2O and O2 content < 1 ppm). The cells were made sandwich-
ng a lithium anode (foil), a polypropylene separator (Freudenberg
eeces FS2190) and a composite graphite anode. A lithium metal
trip was used as reference electrode. The electrolyte was a 0.3 M

olution of LiTFSI dissolved in PYR14TFSI or in PYR13TFSI. The cells
ere investigated by cyclic voltammetry (Adesys CV setup) and gal-

anostatic charge-discharge cycling tests (Maccor S4000 Battery
ester).

ig. 5. Ionic conductivity vs. temperature dependence of (x)PYR13FSI/(1 − x) PYR14TFSI/(0.3
ixtures.
r Sources 192 (2009) 599–605

3. Results and discussion

The lithium insertion process in carbonaceous materials from
IL-based electrolytes was performed on graphite composite elec-
trodes. Commercial KS6 TIMCAL was selected as the active material
because it displays high cristallinity and specific area (20 m2 g−1)
and, most important, it is very sensitive to the electrolyte proper-
ties. This latter characteristic makes it as an appropriate candidate
for the investigation of the SEI formation mechanism at the
electrode/electrolyte (IL) interface. The SEI growth on graphite
electrode in FSI-based electrolyte was previously investigated by
Ishikawa and co-workers [34]. We used LiTFSI as lithium salt
because the TFSI- anion was already present in one of the two ionic
liquids (PYR14TFSI). Fig. 1 illustrates the cyclic voltammograms of
KS6-based electrodes in 0.3 M LiTFSI dissolved in PYR13FSI (panel
A) and PYR14TFSI (panel B). The V–I curves appear to be strongly
affected by the ionic liquid used in the electrolyte formulation. In
fact, the electrochemical behavior of the graphite electrode in 0.3 M
LiTFSI in PYR13FSI corresponds to the well-know lithium staging
insertion (each peak corresponds to the formation of a specific stage
in lithiated graphite). In the first cathodic sweep, a broad feature,
centered at about 1.1 V vs. Li, is observed. In the following cycles no
current flow is observed at potential above 0.4 V vs. Li indicating
that this irreversible reaction takes place only in the first cathodic
cycle. Completely different is the behavior of the graphite electrode
in 0.3 M LiTFSI in PYR14TFSI. Here, a sequence of peaks is observed
between 0.8 V vs. Li and 0.25 V vs. Li most likely correlated with the
ionic liquid cation (PYR14

+) insertion in graphite. At lower poten-
tials, the lithium intercalation process takes place. In the following
anodic scan several peaks are observed that correspond to the dein-
sertion of Li+ and PYR14

+. However, the process is overall strongly
irreversible.

The reason of this very different behavior resides, surprisingly,
in the enhanced cathodic stability of PYR14TFSI with respect to
PYR13FSI (see Fig. 2). In fact, graphite electrodes are not able to
reversibly cycle lithium unless they are protected with the lithium-
cations to enter the layered graphite structure. When PYR13FSI was
used, the SEI formed as indicated by the appearance of the fully
irreversible peak centered at about 1.1 V vs. Li. A similar irreversible
peak was not observed with PYR14TFSI.

M)LiTFSI (panel A) and (x)PYR13FSI/(1 − x) PYR14TFSI/(0.3 M)LiPF6 (panel B) ternary
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ig. 6. Ionic conductivity vs. PYR13FSI mole fraction dependence for (x)PYR13FSI/(1 −
) ternary mixtures at different temperatures.

The lithium insertion and deinsertion capacities recorded dur-
ng the CV tests described above are reported in Table 2. As
t is easily seen, the PYR13FSI-based electrolyte allowed lithium
ntercalation in graphite, however, the delivered capacity (i.e., the
ithium charge released during the anodic scan) was “somehow”
imited to about 75% of the typical graphite capacity. The reduc-
ion of delivered capacity is even more marked in galvanostatic
harge/discharge tests at elevated rate (C rate). In Fig. 3 it is seen
hat the lithium intercalation in the graphite electrode in 0.3 M
iTFSI in PYR13FSI is very reversible and stable on cycling. How-
ver, the overall delivered capacity in the constant current cycling
ests was only 140 mA h g−1, i.e., less than 40% of the theoretical
apacity. Moreover it was not possible to obtain a constant current
ycling measurement with the PYR14TFSI due to the absence of the
rotecting SEI layer.

In an effort to combine the good electrochemical stability of the
YR14TFSI and the SEI-forming ability and high ionic conductivity
see Fig. 4) of PYR13FSI, mixtures of the two ionic liquids were made
nd used to dissolve two different lithium salts, (LiTFSI and LiPF6
ee Table 1 for the detailed composition of the ternary mixtures).
ig. 5 illustrates the ionic conductivity of the mixtures. At a first
ight it is seen that the ionic conductivity of the ternary mixtures
ncreases with increasing the fraction of PYR13FSI independent on
he salt used. However, a careful observation shows that this trend
s true only at temperatures above the melting point of the LiX-
YR13FSI mixture. At lower temperatures, in fact, a few ternary
ixtures (LiX-PYR14TFSI-PYR13FSI) show a higher ionic conductiv-

ty than the binary LiX-PYR13FSI mixture. This interesting effect,
etter observed in Fig. 6, is due to “ionic confusion” present in the
ixtures that shifts the crystallization to much lower temperatures.

t very low temperatures (−38 ◦C) the ionic conductivity of the
ernary mixtures with the PYR13FSI mole fraction ranging between

.4 and 0.6 is from two to three orders of magnitude higher than
hat of the two binary mixtures. This synergic conductivity effect
hown by ionic liquid mixtures might have very important techno-
ogical applications since it certainly facilitates the search for low
emperature ionic liquid-based electrolytes.

Fig. 7. Linear sweep voltammetries of (x)PYR13FSI/(1 − x)PYR14TFSI/(0.3 M)LiTFSI
ternary mixtures at 20 ◦C. Platinum was used for the working and counter elec-
trodes. The reference electrode was a silver wire immersed in a 0.01 M solution of
AgCF3SO3 in PYR1n4TFSI. Scan rate: 5 mV s−1.
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ig. 8. Linear sweep voltammetries of (x)PYR13FSI/(1 − x)PYR14TFSI/(0.3 M)LiPF6

ernary mixtures at 20 ◦C. Platinum was used for the working and counter elec-
rodes. The reference electrode was a silver wire immersed in a 0.01 M solution of
gCF3SO3 in PYR1n4TFSI. Scan rate: 5 mV s−1.

Figs. 7 and 8 illustrate the electrochemical stability windows
f the ternary mixtures investigated. All mixtures showed ESWs
xceeding 5 V with the capability to allow lithium metal plating.
he lithium plating current (cathodic limit) strongly enhances with
ncreasing the mole fraction of PYR13FSI. This effect is obviously due
o the increased ionic conductivity of the electrolytes. The LiTFSI-
ontaining mixtures (Fig. 7) show two small cathodic peaks at about
2.8 and −3.1 V (vs. Ag0/Ag+). The origin of these peaks, which are
bsent in the ESW curves of the LiPF6 ternary mixtures (Fig. 8) and
n the ESW curves of the two pure ionic liquids (Fig. 2), is a real
uzzle. They can only be related to the LiTFSI salt added in these
ernary mixtures. In fact, Li+ cations and TFSI- anions are present
n all the mixtures but the LiTFSI salt is added only in the series of

ixtures showing the two peaks. On the other hand, the intensity
f these two peaks clearly increases (see Fig. 7) on increasing the
FSI− concentration independent on the origin of the TFSI−. The
nly possible explanation for these experimental evidences is that
he LiTFSI salt contains some impurity that acts as a catalyst for
he decomposition of the TFSI− anions. These impurities, however,

ust be eliminated during the PYR14TFSI synthesis since we did not
nd any evidence of such peaks in the cathodic stability window of
his ionic liquid (see Fig. 2).

LiTFSI has been reported to have a very high thermal stability
◦ ◦ −1
decomposition beginning at 360 C under argon for a 10 C min

eating rate) [35] However, we have frequently observed that the
ommercially available white salt discolored during drying by heat-
ng at 180 ◦C under vacuum for prolonged period of time (at least
2 h). When the salt was then dissolved in anhydrous acetonitrile,

[

[

[
[

r Sources 192 (2009) 599–605

the resulting solution had a faint reddish-brown color. This solu-
tion filtered through 0.2 �m PTFE filter activated alumina gives a
clear, colorless solution and a brownish precipitate on the filter.
The white salt, obtained on removal of the acetonitrile by vac-
uum drying, does not show any discoloration of subsequent drying
at 175–185 ◦C under vacuum. These observations suggest that the
LiTFSI salt may contain a small amount (< 0.05 wt%) of an impu-
rity, which is thermally unstable. The identity of this impurity is
unknown and the amount of brown precipitate collected on the
filter is too low for analysis. However, it is reasonable to assume
that the impurities might consist of fractions of the TFSI− anion,
which would also explain the observations made by MacFarlane and
colleagues [30] in their study on the cathodic stability on N-methyl-
N-propylpyrrolidinium TFSI. They have, in fact, already reported the
existence of the two peaks observed in Fig. 7.

On the other hand, the anodic decomposition limit appears to be
very similar for all mixtures as expected considering that the two
ionic liquid anions (TFSI− and FSI−) (see Fig. 2) and PF6

− have very
similar anodic decomposition limit.

4. Conclusions

In this paper we have reported the results of the chemical–
physical investigation performed on ternary room temperature
ionic liquid–lithium salt mixtures as electrolytes for lithium-ion
battery systems. The ternary electrolytes were made by mix-
ing N-methyl-N-propyl pyrrolidinium bis(fluorosulfonyl)imide
(PYR13FSI) and N-butyl-N-methylpyrrolidinium bis(trifluoro-
methanesulfonyl)imide (PYR14TFSI) ionic liquids with lithium
hexafluorophosphate (LiPF6) or lithium bis(trifluoromethane-
sulfonyl)imide (LiTFSI).

The mixtures, developed based on preliminary results on the
cyclability of graphite electrodes in the IL-LiX binary electrolytes,
have shown a very wide ESW with the capability of allowing lithium
metal plating and stripping.

Finally, the conductivity results clearly indicated a beneficial
synergic effect of the two ionic liquids with the ternary mixtures
showing higher ionic conductivities than the binary IL-LiX mix-
tures.
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