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Abstract

Imidazolium-based ionic liquid is one of attractive candidates for advanced lithium battery electrolyte. However, its cathodic stability is
not sufficient for the reversible charge–discharge of negative electrodes. The authors previously proposed a quaternary ammonium-based
ionic liquid containing a cyano group (cyano-QA) as a film-forming electrolyte on the negative electrode surface. In the present study, several
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yano-QA ionic liquids have been prepared and their electrolyte properties have been estimated. Some ionic liquids based on cyan
uaternary ammonium cation provided reversible lithium deposition/dissolution couple when they were used as ‘co-solvent’ of e
ith the co-existence of EMITFSI.
2005 Elsevier B.V. All rights reserved.
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. Introduction

At room temperature ionic liquids are known to be non-
olatile and thermally stable; therefore, they are expected to
mprove the cell safety when they are applied in lithium bat-
ery electrolyte. Recently, the study on such ionic liquids has
een expanded and many ionic liquids continue to be synthe-
ized[1–10]. Among them, the family of salts based on 1-
thyl-3-methyl imidazolium (EMI) cation appears to be most
romising, because they have 10−2 S cm−1 order of conduc-

ivity comparable with organic solvent electrolyte systems,
ow viscosity compared with every ionic liquid systems and
ather wide electrochemical window. However, EMI-based
onic liquids themselves are not available for lithium bat-
ery electrolyte mainly due to their poor stability toward
eduction. The reduction potential of EMI-based ionic liq-
ids are around 1 V versus Li/Li+ [11,12], and they pro-
ide no surface film as seen in conventional organic sol-
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vent systems, which is known as “solid electrolyte in
phase (SEI)”. Thus, EMI-based ionic liquids decompos
lithium or lithiated carbon surface, and never proceed
charge–discharge process of such negative electrode.
efforts have been made to achieve charge–discharge
cess of lithium in ionic liquid electrolytes. One direction
to apply more stable cation than EMI such as quater
ammonium, piperidinium or pyrrolidinium cations[9,13].
Howlett et al. reported thatN-methyl-N-propyl pyrrolidinim
bis(trifluoromethane sulfone)imide (TFSI)-based electro
was sufficiently stable toward lithium and provided rat
stable lithium deposition/dissolution[13]. However, most o
ionic liquids applying non-EMI cations suffer from their lo
conductivity, especially when lithium salt is dissolved i
them. Another direction is to apply additives in EMI-ba
ionic liquids. Several additives, such as H2O [11], SOCl2
[14], C6H5SO2Cl [15] and organic solvents used in co
ventional lithium battery electrolyte[12,16,17], have bee
reported to improve the lithium deposition/dissolution
havior in EMI-based ionic liquid electrolytes. These
ditives surely succeeded to provide a reversible lith
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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deposition/dissolution process. However, some of these ad-
ditives are poisoned the charge–discharge process of high-
voltage positive electrode.

The authors previously reported[18] that an ionic liquid
based on a cyano-substituted quaternary ammonium cation
provided reversible lithium deposition/dissolution. On that
study, there are some signs that cyano-containing quaternary
ammonium cation may provide a surface protective film on
lithium. In the present study, some cyano-containing qua-
ternary ammonium ionic liquids have been synthesized, and
have applied for the electrolyte ‘co-solvent’ with EMITFSI
to be used in electrochemical lithium deposition/dissolution.
Through this study, we expect to design novel hybrid ionic
liquid system having high conductivity and cathodic stability.

2. Experimental

In the present study, the authors prepared three kinds of
cyano group containing ionic liquids. The cation structures
of prepared ionic liquids are shown inFig. 1. In all cases, an-
ion was trifluoromethane sulfone imide (TFSI). The prepa-
ration route of these ionic liquids were similar to the one
reported previously[18,19]. EMITFSI was prepared by the
ion-exchange of EMICl (Aldrich) with LiTFSI (Fluka) in an
aqueous phase. The obtained lower-phase liquid was washed
b um.
T was
c on-
t by
K ). In
A nd
E nd
t se
i ing
l

n-
i lett
P plat-
i was
p flon
b lec-
t thium
f a
P tip.
C ghly
s er the
s .5

F at the
p

to −0.5 V versus Li/Li+. All electrochemical measurements
were carried out in temperature chamber (Espec Co., Japan,
SU-241).

3. Results and discussion

The Arrehnius plots of the conductivity of ionic liq-
uid electrolytes, where the mixing ratio of EMITFSI and
cyano-containing liquid was 0:1, 1:0 or 1:1, are shown in
Fig. 2. All cyano-containing ionic liquids have conduc-
tivity as low as 10−4 S cm−1 around room temperature.
These conductivity values are insufficient for the use in
lithium battery electrolyte. When these ionic liquids were
mixed with EMITFSI, their conductivity values were im-
proved to 10−3 S cm−1 order at room temperature. Such
values are still lower than LiTFSI/EMITFSI solution, how-
ever, thought to be sufficient for lithium battery use. Espe-
cially, 0.2 mol dm−3 LiTFSI/II-TFSI-EMITFSI solution ex-
hibited 2.2× 10−3 S cm−1 at 25◦C. The order of conduc-
tivity at 25◦C was II- > I- > III-TFSI, even in case of co-
existing EMITFSI. In this case, the conductivity order may
be mainly influenced by cation size. It is generally assumed
that a larger sized cation may provide a weaker interaction
with surrounded anions. In contrast, it is also assumed that
a rate
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t
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y water, purified by alumina column and dried in vacu
he purity of all ionic liquids used in the present study
hecked by1H NMR and elemental analyses. The water c
ent in ionic liquids was confirmed to be below 30 ppm
arl-Fischer aquacounter (Hiranuma Co., Japan, AQ-7
r-filled glove box, the cyano-containing ionic liquid a
MITFSI were mixed in prescribed gravimetric ratio, a

hen 0.2 mol dm−3 of LiTFSI (Fluka) was dissolved into tho
onic liquid mixtures to prepare an electrolyte contain
ithium ion.

The conductivity of ionic liquids and lithium contai
ng electrolytes was measured using LCR meter (Hew
ackard, 4284A) and a glass-made T-shape cell with

num electrodes. A lithium deposition/dissolution test
erformed using a three-electrode T-shape cell with Te
ody, SS working electrode and lithium foil counter e

rode pressed on a SS lead. For reference electrode, li
oil was dipped in 1 mol dm−3 LiClO4/EC-PC (Tomiyam
ure Chemical Co.) in a glass tube with a vycor glass
yclic voltammetry measurements were done using hi
ensitive potentiostat (Huso Electronics Co., Japan) und
canning rate of 0.5 mV min−1 and the potential range of 1

ig. 1. Structural formula of quaternary ammonium cation prepared
resent study.
larger cation has a lower mobility. Therefore, a mode
ized cation may be favorable to obtain the highest condu
ty. LiTFSI solutions based on I- or II-TFSI/EMITFSI mi
ure showed a conductivity drop around 0◦C, while the mix-
ure based on III-TFSI shows a typical VTF relationshi
ider temperature region.
It is expected that the conductivity of mixed electro

ay be improved by increasing the ratio of EMITFSI. T

ig. 2. Arrehnius plots for conductivity of ionic liquids and their lithium s
olutions.
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Fig. 3. Conductivity of the ionic liquid mixtures of I- or II-TFSI with
EMITFSI vs. the content of I- or II-TFSI at 25◦C.

conductivities of the mixed electrolytes at 25◦C are plotted
toward the gravimetric ratio of I- or II-TFSI in EMITFSI
in Fig. 3. As it is expected, the conductivity increased as
the increase of the ratio of EMITFSI. In addition, the con-
ductivity of electrolyte containing 10 wt% of I- or II-TFSI
is higher than LiTFSI/EMITFSI electrolyte. This result,
together with the former finding of the conductivity increase
of LiTFSI/I-TFSSI solution from I-TFSI itself, suggests that
I or II cation contributes to increase the mobility of Li+ in
ionic liquid electrolyte. Such an effect of I- and II-TFSI
appears to be very interesting for the use of these salts as an
additive to enhance the conductivity of lithium salt solution
of various ionic liquids. For example, Sakaebe et al. suffered
from the conductivity drop when dissolving lithium salt in a
piperidinium-based ionic liquid, even though the electrolyte
provided a good cell performance. It is expected that the
addition of small amount of I- or II-TFSI may improve the
conductivity of such an ionic liquid electrolyte. Also in
Fig. 3, the mixed electrolyte containing II-TFSI exhibited
a better conductivity than that containing I-TFSI. This
conductivity difference was rather clear at lower content
of I- or II-TFSI, and when its content reached 40 wt%, the
conductivities in both cases were similar.Fig. 4 shows the
cyclic voltammograms of SS/Li cells with EMITFSI and its
1:1 mixture with I-, II- and III-TFSI electrolytes at 25◦C.
Being similar to well-known results, EMITFSI was decom-
p tion
e ible
c
w as
o ith
E to
l eed,
i ing
E ion
c at I-
T on
e yano-
c lm
s vent
e I- or

Fig. 4. Cyclic voltammograms for lithium deposition/dissolution on SS elec-
trode in various ionic liquid electrolytes at 25◦C.

II-TFSI surely prevented the decomposition of EMITFSI
and provided the reversible lithium deposition/dissolution.
This result confirms the formation of protective film from I-
and II-TFSI. Cyano group is considered to be less stable than
alkyl group toward reduction. Thus, the cyano-containing
cation may decompose a higher potential than the one
where EMITFSI decompose. It is clear that the surface
film formation ability is influenced by cation structure of
cyano-containing ionic liquid, in other words, the length
of alkyl chain connected with nitrogen. However, it is still
unclear whether the chemical structure directly affects to
the decomposition behavior of cation or other chemical or

F lec-
t of
I

osed at higher potential than lithium deposition/dissolu
quilibrium potential, and only showed an irrevers
athodic current around 0.3 V versus Li/Li+. When II-TFSI
as mixed with EMITFSI, similar irreversible current w
btained. In contrast, when I- or II-TFSI was mixed w
MITFSI, a reversible couple, which can be attributed

ithium deposition/dissolution, was clearly observed. Ind
t is very interesting that ionic liquid electrolyte contain
MITFSI provides reversible lithium deposition/dissolut
ouple. In the previous study, the authors reported th
FSI itself similarly exhibited lithium deposition/dissoluti
lectrochemical couple. We also suggested that such c
ontaining ionic liquid provides a surface protective fi
imilar to the SEI in the case of conventional organic sol
lectrolyte. From the present results, the existence of
ig. 5. Cyclic voltammograms for lithium deposition/dissolution on SS e
rode in LiTFSI/the mixture of II-TFSI and EMITFSI vs. the content
I-TFSI at 25◦C.
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physical properties, such as viscosity of ionic liquid, which
should be related to the cation structure affect to lithium
decomposition/dissolution behavior. From the viewpoint
of chemical stability of cation, if an alkyl chain connected
to nitrogen become longer, nitrogen should become more
reactive toward reduction. This tendency appears to be rea-
sonable with the experimental results.Fig. 5shows the cyclic
voltammograms of 0.2 mol dm−3 LiTFSI/II-TFSI/EMITFSI
with various ratio of II-TFSI and EMITFSI. When the
content of II-TFSI in II-TFSI/EMITFSI system was above
20 wt%, lithium dissolution peak, a sign of reversible lithium
deposition/dissolution couple, was observed.

4. Conclusion

Some ionic liquids based on cyano-containing quater-
nary ammonium cation provided reversible lithium deposi-
tion/dissolution couple when they were used as ‘co-solvent’
of electrolyte with the co-existence of EMITFSI. These ionic
liquids also enhanced the conductivity of LiTFSI/ionic liquid
solution probably due to the contribution to generate disso-
ciated lithium ions in such a solution.
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