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Abstract

A room temperature ionic liquid consisting NfN,N,N-cyanomethyl trimethyl ammonium (CTMA) cation and bis(trifluoromethane sul-
fone)imide (TFSI) anion was newly synthesized, and its electrochemical properties were investigated. This ionic liquid has a melting point
of 35°C and an order of conductivity of T®S cnt?. Lithium deposition/dissolution tests in 0.2 mol diLiTFSI/CTMATFSI electrolytes
showed an improved cycle behavior compared with that of a Li electrolyte based on a tetraalkylammonium ionic liquid without a cyano group.
Itis suggested that such an improvement may be associated with the formation of a protective film on the lithium surface. Introducing a propel
functional group is suggested to be effective to improve the interfacial properties of ionic liquid.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction sition of the electrolyte. Indeed, this film, known as a solid
electrolyte interphase (SEI), is assumed to be a key factor
Room temperature ionic liquids have been recently at- in controlling the performance of lithium batterigs-11].
tracted considerable interest in the field of battery researchEMI-based ionic liquids do not seem to provide an equally
for their use as advanced nonaqueous, non flammable andtable SEI when they are decomposed on the lithium surface.
non volatile electrolytefl-5]. Almost all ionic liquids con- The relatively low cathodic stability of these ionic liquids is
sist of a large organic cation whose charge is delocalized. assumed to be caused by the nature of the EMI cation.
Specifically, through its combination with various kinds of Two general approaches have been proposed to improve
anions, the 1-ethyl-3-methyl imidazolium (EMI) cation pro- the cathodic stability of ionic liquids and to utilize them as
vides ionic liquid at room temperature with a conductivity as lithium battery electrolytes. One approach is to use more sta-
high as 102 Scnt ! [6]. The greatest difficulty in applying  ble cations such as 2-substituted imidazoliif tetraalkyl
this kind of ionic liquid as lithium battery electrolytes is its ammoniun{12,13], pyrrolidinium[14], or piperidinium[15]
low cathodic stability; EMI-based ionic liquids are usually cations. lonic liquids consisting of such cations have been
unstable toward lithiunj7,8]. Lithium battery electrolytes,  found to exhibit improved cathodic stability, or stability to-
even conventional organic solvent electrolytes, are reactiveward lithium; however, they suffer from low ionic conduc-
with lithium; however, in this case, the formation of a passi- tivity. The other approach is to add film-forming materials
vation film on the lithium surface inhibits further decompo- to the ionic liquids: proton sources such as Htd], SOC}h
[3], and HO [8] have been reported to be effective additives
* Corresponding author. Fax: +81 92 583 7792. for forming a protective film on the lithium surface. Organic
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also effective to improve lithium deposition/dissolution be- and 7.07% (BTMATFSI), respectively, while their calculated
havior[17]. However, proton sources may inhibit cell reac- ratio ofthemwere 22.10,2.92,and 11.08% (CTMATFSI) and
tions at both the positive and negative electrodes. Organic24.24, 3.56, and 7.07% (BTMATFSI), respectively. In addi-
solvent additives may not have such an inhibitory effect, but tion, the purity of these ionic liquids was monitored Y-
their addition eliminates the advantage of using ionic liquid NMR(JEOL Co., INM-LA400). Here in both cases no peaks
electrolytes. were observed more than expected ones from their structures.
Taking the above into consideration, an ionic liquid ca- The melting points of ionic liquids were measured using a dif-
pable of providing a protective film on the lithium surface ferential scanning calorimeter (DSC; ThermoPlus 8230L by
would be highly welcome as an ideal lithium battery elec- Rigaku Co., Japan).
trolyte or atleast as anideal electrolyte additive. Inthe present  Each ionic liquid exhibited a low solubility of LiTFSI,
study, a tetraalkylammonium cation containing a cyano group with the maximum concentration limited to 0.5 mol dfnat
was prepared. The salt which consists of this cation and room temperature. Therefore, in each case, 0.2 moPdoh
a bis(trifluoromethane sulfone)imide (TFSI) anion behaves LiTFSI was dissolved in an ionic liquid to produce the elec-
like an ionic liquid at room temperature when used as an trolyte. The preparation of these Li/ionic liquid electrolytes
electrolyte in a lithium cell. This ionic liquid also demon- was carried out in a dry box filled with argon, and their water
strates an improved lithium deposition/dissolution behavior. contents was confirmed to be below 30 ppm by Karl-Fischer
titration using a Hiranuma AQ-7 aquacounter.
The conductivity of ionic liquids and electrolytes was
2. Experimental measured by the alternative current method using a Hewlett-
Packard 4284A LCR meter. Cell temperature during the
We have prepared two kinds of tetraalkylammonium ionic measurement of the conductivity was controlled by a tem-
liquids, the first of which consisted of three methyl groups perature chamber (Tabai Espec SU241, Japan). The elec-
and a cyanomethyl group (hereafter referred to as CTMA), trochemical stability of ionic liquids was estimated by lin-
and the second of which consisted of three methyl groups andear sweep voltammetry using a highly sensitive potentiostat
a butyl group (hereafter referred to as BTMA). In both cases, (Huso Electronic Co., HECS318C, Japan). In this measure-
the anion was TFSIFig. 1 illustrates the structure of the ment a Ag wire dipped in AQTFSI/BTMATFSI was used as
cations and the anion used here. The syntheses of these ionia reference electrode. The lithium deposition/dissolution be-
liquids were carried out in two steps. First the tetraalkylam- havior of Li/ionic liquid electrolytes was examined both by
monium iodides were synthesized by the addition of methyl cyclic voltammetry and by the constant current method. In
iodide to the corresponding dimethyl amines in ether at room all electrochemical measurements, a 3-electrode sealed cell
temperature, according to the procedure described by Bhat-in a T-shaped Teflon tube with a 6-mm diameter stainless-
tacharjee et al18]. lonic liquids were obtained by the ion-  steel working electrode. For lithium deposition/dissolution
exchange ofthese iodides and equimolar LiTFSlinwater. The test, a lithium foil as the reference and the counter elec-
hydrophobic phase in this ion-exchange reaction was washedrode was used. The cyclic voltammetry tests were performed
with distilled water several times to remove ionic impuri- at potential ranges from 1.5 to 0.2 or 0.5V versus lithium,
ties, collected and purified with a column of neutral alumina and at 0.5mVs! scan rate. The constant current measure-
(Aldrich, as received). The neutral alumina for the column ment was performed by lithium deposition for 2 h followed
content was selected according to the report by Fuller et al. by lithium dissolution up to a cut-off voltage of 2.0V, using a
[8]. Acetonitrile was used as a mobile phase in this column. charge—discharge cell cycler (Nagano Co., BTS2004, Japan).
After drying in a vacuum, transparent liquids were obtained, In both steps, current densities were set at 0.01 mAZamd
and the products were identified by elemental analysis. The C,the estimated charge in the charging step was approximately
H, and N ratios of the produced CTMATFSI and BTMATFSI 0.17 Ccnt2. Alternative current impedance was measured
were 22.10, 2.95, and 11.42% (CTMATFSI), and 24.30, 3.59, on Li/electrolyte/Li symmetrical cell under open-circuit situ-
ation using Hioki 3522 LCR meter. The cell temperature was

CH. CH, maintained at 25C during storage.
i o
CH,-N'-CH,-CN CH, - N*- CH, - CH, - CH, - CH,
7 | ) - I i ) i - - -
CH, CH, 3. Results and discussion
CTMA BTMA

The melting point of CTMATFSI was estimated to be

0 0 at 35.2°C, which is slightly higher than room temperature.
F.C- g N g -CF Therefore, this ionic liquid, like other types of ionic liquids,
’ 2) g : has a strong supercooling property and it can be treated as a

TESI liquid electrolyte even under room temperature conditions.
Fig. 2 shows the linear sweep voltammograms of CT-
Fig. 1. Cations and an anion for ionic liquids prepared in the present study. MATFSI with the comparison of those of BTMATFSI and
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Fig. 2. Linear sweep voltammograms of a SS electrode in various ionic
liquids. Sweep rate: 0.5mV4.

EMITFSI. CTMATFSI has an electrochemical window be-
tween 1.3 and-2.5V versus Ag/Ad . Such an electrochemi-
cal window is wider than that of EMITFSI both to anodic and
cathodic directions. However, compared with BTMATFSI,
CTMATFSI is unstable both anodically and anodically. Such
instability may originate from the cyano group in cation.

Fig. 3 shows the Arrehnius plots of the conductivity of
BTMATFSI, CTMATFSI, and the lithium salt solutions of
these ionic liquids. CTMATFSI showed a conductivity one
order lower than that of BTMATFSI, i.e., 16 Scni ! ver-
sus 103Scnt! at room temperature. The conductivity of
CTMATFSI may not be sufficiently high for a lithium bat-
tery electrolyte. However, this ionic liquid presents a unique
feature in that the LiTFSI/CTMATFSI alone. This is ex-
plained by assuming that the cyano group interacts weekly
with lithium ion, thus causing a decrease in the interaction
between lithium ion and the anion, followed by a deacrease in
viscosity and an increase in lithium ion mobility. In contrast,
almost all of the most commonly investigated ionic liquids
show a tendency to decrease in conductivity after the addi-
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Fig. 3. Arrehnius plots for the conductivities of various ionic liquids and
their lithium electrolytes.
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Fig. 4. Cyclic voltammograms of a stain-less electrode in various Li/ionic
liquid electrolytes. Sweep rate: 0.5 mV’s sweep range=0.3 to 1.5V vs.
Li/Li *.

tion of lithium salts as a result of the concomitant increase in
viscosity [19]. The LiTFSI/BTMATFSI electrolyte follows
this trend since it shows a conductivity lower than that of
BTMATFSI itself. In contrast, the LITFSI/CTMATFSI elec-
trolyte exhibits a conductivity similar to or slightly higher
than that of CTMATFSI alone.

Fig. 4 shows the cyclic voltammograms of the
stainless-steel electrode in LITFSI/CTMATFSI and LiTFSI/
BTMATFSI electrolyte cells with the lower potential limit
set at—0.2V versus Li/Li". A reversible lithium depo-
sition/dissolution behavior was observed only in the CT-
MATFSI electrolyte cell, while only an irreversible anodic
current was observed in the BTMATFSI electrolyte cell. It
is clear that in this potential region the cathodic current was
consumed for lithium deposition in the former case. One may
then assume thatthe CTMATFSI electrolyte is capable of pro-
viding a protective surface film which prevents the reaction
of deposited lithium with the electrolyte, while this is not the
case for the BTMATFSI electrolyte.

When the potential limit was seta0.5V, a lithium depo-
sition/dissolution electrochemical couple was observable in
both electrodes, suggesting that under these conditions, some
kind of surface film was produced on the deposited lithium in
the case of the BTMATFSI electrolyte as well. It appears that
CTMATFSIlisreduced at a higher potential and thus provides
a more stable surface film.

Fig. 5shows the plot of the coulombic cycling efficiency
of lithium dissolution to lithium deposition in the two ionic
liquid electrolytes under constant current conditions. The CT-
MATFSI electrolyte provided 30-50% efficiency in the whole
region except during the initial two cycles, while the effi-
ciency of the BTMATFSI electrolyte remained below 20%.
We assumed that the improved efficiency in the case of CT-
MATFSI is associated with the formation of the protective
film on the deposited lithium surface as discussed above.
The irreversible charge observed in the initial three cycles
is thought to be due to the formation of this film.

We would like to point out that the charge—discharge
conditions that were applied here were not optimized.
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For example, similar constant current cycle tests using

0.2moldnt3 LiCIO4/etherne carbonate (EC) + diethyl car- Flg 6 Tim_e courses of components of alterr_1ative gurrent_ impedance in

bonate (DEC) (1:1, viv) electrolyte provided an efficiency Lifionic liquid/Li cells: (a) bulk resistanceRg; (b) interfacial resistance, .

level of about 60% or less. It is possible that the factors for

such a low efficiency are supposed as follows. In this case ever, itis still unclear whether such a protective filmis formed

the surface film on lithium may renews itself by consuming at the interface between ionic liquid and lithium despite the

electricity at each cycle. The applied current seemed to besurface analyses reported by Howlett ef20]. Also in our

small, partially due to low conductivity and/or lithium ion cases, further studies are necessary to clarify the interface

mobility of the Li/ionic liquid electrolyte. structure between ionic liquid electrolyte and lithium and its
A Cole—Cole plot of Lifionic liquid electrolyte/Licellsal-  effect on deposition/dissolution properties.

ways provides a single semicircle with some interceptonthe  Howlett et al. recently reported good lithium deposi-

real axis, as in the case of conventional organic solvent elec-tion/dissolution efficiency in pyrrolidinium ionic liquid elec-

trolytes. Here the intercept of the real axis and the diametertrolytes, even at a temperature of 8D[20]. For CTMATFSI,

of the semicircle are assumed to indicate the bulk resistanceon the other hand, it is not reasonable to expect such a good

(Re) and interfacial resistanc®(), respectively. Th&g (a) cycle. In addition, the conductivity of this ionic liquid is notin
andR, (b) values are plotted versus cell storage timeiq 6. sufficient level. However, the introduction of cyano group im-
TheRg in CTMATFSI electrolyte was at the order of 40 proves the cycle performance in such non-cyclic quaternary

under the storage terms, whiRg in BTMATFSI electrolyte ammonium ionic liquids, and it may be possible to design
increased from 19to 10° Q; theRg value in CTMATFS| was ionic liquids with a sufficient conductivity and cycle stability
larger than thatin BTMATFSI, reflecting the order of conduc- toward lithium deposition/dissolution by introducing appro-
tivity. The increase iRg in BTMATFSI electrolyte may be  priate functional groups.

caused by the chemical decomposition of the electrolyte to-

ward lithium. In contrast, CTMATFSI electrolyte was stable

during the measurementtime scale. In the developmé®tof  Acknowledgement
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