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Abstract

The physical and electrochemical properties of room temperature ionic liquids (RTILs) based on asymmetric amide anions (TSAC: 2,2,2-
trifluoro-N-(trifluoromethylsulfonyl)acetamide, C1C2:N-(trifluoromethylsulfonyl)pentafluoroethylsulfonamide) and aliphatic onium cations,
such as ammonium, phosphonium, and sulfonium, were reported. The melting point of the C1C2 salts decreased compared to the corresponding
T iscosity
R oxy group.
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FSI salts (TFSI: bis(trifluoromethylsulfonyl)imide), however, the viscosity was about twice that of the TFSI salts. Relatively low v
TILs based on aliphatic onium cations could be prepared using the TSAC anion and tetraalkylammonium cation containing an alk
he linear sweep voltammogram of these RTILs with and without Li-TFSI were investigated in order to estimate the electrochemica
nd possible use as a lithium battery electrolyte.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Room temperature ionic liquids (RTILs) have been exten-
ively studied due to their unique properties, which could not
e obtained with conventional molecular liquids. Especially,

he nonvolatile and noncombustible natures of the RTILs
eem make them attractive candidates for a safe lithium bat-
ery electrolyte, but only a few studies have been reported on
his subject[1,2].

In these reports, aromatic cations, such as 1-ethyl-3-
ethylimidazolium (EMI), have been used for as the cationic

omponent of the RTILs. The EMI cation is the best cation
o form the RTIL, which has a low viscosity and low melt-
ng point, with various anions. However, the electrochemical
tability as a lithium battery electrolyte was not satisfac-
ory since the cathodic limiting potential is ca. +1.0 V versus
i/Li +, and additives, such as thionyl chloride, were essential

or improving the coulombic efficiency for lithium deposition
n an RTIL based on EMI[2b–d].

∗ Corresponding author.

Aliphatic quaternary ammonium (AQA) salts are of
used as a supporting electrolyte in electrochemical stu
due to their good electrochemical stability. Therefore
RTIL consisting of the AQA cation might be better for use
a lithium battery electrolyte compared to the EMI syste
There are only a few reports on such RTILs based on AQA[3],
however, the viscosity was generally an order of magni
higher than that of the EMI systems until the RTIL contain
AQA and TFSI (TFSI: bis(trifluoromethylsulfonyl)imid
anion was reported[4].

Our group showed that AQA-TFSI possesses a
cathodic stability compared with EMI-TFSI and that lithiu
plating and stripping behavior could be observed in
RTIL based on AQA and TFSI (AQA-TFSI) witho
any additives[5]. A greater than 97% coulombic ef
ciency could be achieved in the charge/discharge te
the Li/LiCoO2 half cells using AQA-TFSI[6]. However
the viscosity of AQA-TFSI remained about twice that
the EMI system. Therefore, lowering the viscosity of
AQA systems is necessary in order to use these m
in electrochemical devices such as a lithium battery.
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2005.03.103
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this purpose, we also reported that the 2,2,2-trifluoro-N-
(trifluoromethylsulfonyl)-acetamide (TSAC) anion with an
asymmetrical structure and lower molecular weight than that
of bis(trifluoromethylsulfonyl)imide anion forms low melt-
ing and low viscous RTILs[7]. Introducing an alkoxy group
into the tetraalkylammonium reduced the viscosity and the
melting point[5].

We would like to report the preparation of relatively
low viscosity RTILs based on aliphatic onium cations
that were developed by our group and focus on the elec-
trochemical properties of the relatively low viscous and
low-melting RTILs based on AQA with amide (or imide)
anions such as TFSI, TSAC andN-(trifluoromethylsulfonyl)-
pentafluoroethylsulfonamide, which is denoted as C1C2. In
this paper, not only TSAC and C1C2, but also TFSI, all of
which contain the “ N− ” structure, are called “amides” and
not “imides”.

2. Experimental

The preparation of the amide salts was basically followed
the reference method[8]. Since the RTILs based on amide
anions and quaternary onium cations used in this study are
hydrophobic, a relatively pure sample can be obtained by the
simple metathesis reaction in water. The desired RTILs were
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complete dissociation of the water and the CH2Cl2 layer was
confirmed, the CH2Cl2 was distilled off using a rotary evap-
orator. Finally, the RTIL was dried under vacuum at 105◦C
for 2 h. The residual water in the dried RTIL was below
10 ppm which was measured using a Karl–Fisher moisture
meter (Mitsubishi CA-07). The C1C2 salts and the TSAC
salts were prepared by the same methods as that for the TFSI
salts. The anionic source was Li-C1C2 and K-TSAC, respec-
tively.

For use of Li-TFSI as an anion source, the residual amount
of the Li cation in the resultant RTILs was below the detection
limit (5 ppm) of an inductively-coupled plasma spectrometer
(ICP, Shimazu ICPS-8100). That of the bromide anion was
below 25 ppm, which is the detection limit of the XRF. Based
on ion chromatography, the bromide anion was not observed
above the detection limit (<50 ppm). However, a relatively
high amount of bromide anion (>500 ppm) in the resultant
RTILs was observed for the RTILs based on AQA contain-
ing the methoxyethyl group. In such cases, a neutralization
reaction between the acid (H-TFSI) and tetraalkylammonium
hydroxide was used for the preparation of the bromide-free
RTILs. The tetraalkylammonium hydroxide was prepared
using a cation-exchange column (Mitsubishi Chem).

The ethylammonium or triethylammonium salts were pre-
pared by neutralization between the amines and acid such as
H-TFSI in pure water. All the samples were checked by NMR
(

TILs
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dy: Me
mmediately precipitated by mixing the aqueous solut
ontaining the onium bromide and lithium or potassium s
onsisting of amide anions as shown inFig. 1. The amoun
f alkali metal salts were slightly in excess versus that o
nium salts due to the fact that the alkali metal cation

ained in the hydrophobic RTILs can be easily remove
ashing with water, however, the halide anion could no

educed any more. This fact was confirmed by fluoresc
-ray spectrometry (XRF, JEOL JSX-3201). The prec

ated RTILs were extracted by CH2Cl2 and then the extra
as washed with water, that is, adding water to the CH2Cl2
olution in a separatory funnel and vigorously shaking. A

Fig. 1. Structure of cation and anion components in this stu
1H, 13C, 19F) and an elemental analysis (CHN).
The measurements of the physical properties of the R

ere done in an open dry chamber (dew point in cham
reater than−50◦C, Daikin HRG-50A). The viscosity wa
easured using a cone-plate type viscometer (Brookfield

II+). The conductivity was estimated using a conducti
eter (Radiometer Analytical, model CDM230). The m

ng point was by DSC (Perkin-Elmer, Pyris 1).
The linear sweep voltammetry (LSV) was perform

ALS model 600) in an argon-filled glove box (O2 and
ater <5 ppm). A glassy carbon electrode (GC,

ace area: 7.85× 10−3 cm−2), a Pt electrode (surfa

, methyl; Et, ethyl; Pr,n-propyl; Am,n-amyl (n-pentyl); Hx,n-hexyl.
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area: 2.0× 10−2 cm−2) and Ni electrode (surface area:
1.7× 10−2 cm−2) were used as the working electrodes. The
GC electrode was polished with diamond paste (d= 1�m),
while the Pt and Ni were both polished with an alumina
paste (d= 0.1�m). The polished electrodes were washed with
Milli-Q water and dried under vacuum. The I−

3 /I− reference
electrode for the RTILs consisted of Pt wire/0.015 mol dm−3

I2 + 0.060 mol dm−3 [(n-C3H7)4N]I in EMI-TFSI (EMI, 1-
ethyl-3-methylimidazolium). The potential was referenced
to the ferrocene (Fc)/ferrocenium (Fc+) redox couple in each
RTIL.

3. Results and discussion

3.1. Physical properties of various RTILs based on
amide anions

Fig. 1shows the structures of the ionic component of the
RTILs evaluated in this study.Table 1indicates the physical
properties of the various RTILs based on the aliphatic onium
cations and amide anions as shown inFig. 1.

For the same cation, the melting point decreased with
the use of an asymmetric anion, such as TSAC and C1C2,

compared with a symmetric one, such as TFSI except for
EMI-TSAC and P1116-C1C2. The asymmetry in the anionic
structure might have an effect on blocking the close packing
between a cation and an anion as well observed in RTILs
containing an asymmetric cation such as EMI and N1113 to
reduce the melting points. To understand the reason why the
melting point of EMI-TSAC and P1116-C1C2 was higher
than that of EMI-TFSI and P1116-TFSI, respectively, we
must further study the various imidazolium and phosphonium
systems.

On the other hand, the viscosity decreased with the
decreasing molecular weight of the anion with the same
cation. This observation was also seen for the same anion.
For example, the viscosity of the N1113 system was much
lower than that of the N5555 system. These results suggest
that the molecular weight of both the anion and cation should
be decreased as low as possible to make a low viscosity RTIL,
which must be necessary for Li battery applications. How-
ever, the molecular weight of the cation and anion cannot be
too much decreased since the melting point increases over
room temperature.

The TSAC anion is apparently the most preferable among
the three amide anions studied here to form low melting and
low viscosity RTILs with small aliphatic ammonium cations.

T
P and a

C

E
E
E k
N
N
N rk
N
N
N rk
N rk
N
N ork
P k
P
P k
P k
P k
P k
N
N k
N k
N rk
P rk
P ork
P
S
S
S

able 1
hysical properties of various RTILs based on aliphatic onium cations

ation Anion MWa Density (g mL−1)

MI TSAC 355 1.46
MI TFSI 391 1.52
MI C1C2 441 1.56
1113 TSAC 346 1.38
1113 TFSI 382 1.44
1113 C1C2 432 1.48
2222 TSAC 374 1.37
2222 TFSI 410 –
2222 C1C2 460 –
5555 TSAC 542 1.11
5555 TFSI 578 1.16
5555 C1C2 628 1.18
P13 TSAC 386 1.37
P13 TFSI 422 1.43
P13 C1C2 472 1.46
P1.1o1 TFSI 424 1.47
P1.1o2 TFSI 438 1.45
P1.1o2o2 TFSI 483 1.44
111.1o1 TFSI 384 1.51
111.1o2o2 TFSI 442 1.44
HHH2 TFSI 326 –
H222 TFSI 382 1.42
1116 TSAC 405 1.28
1116 TFSI 441 1.34

1116 C1C2 491 –
222 TSAC 363 1.42
222 TFSI 399 1.49
222 C1C2 449 1.53
a Molecular weight.
b Melting point determined by DSC on heating. The data in parentheses is g
c Viscosity at 25◦C.
d Specific conductivity at 25◦C.
mide anions at 25◦C

Tm
b (◦C) ηc (cP) σd (mS cm−1) Reference

−1.5 25 9.9 [7]
−12 33 8.7 [5b]
(−93) 48 4.4 This wor
10 46 4.3 [12]
19 72 3.1 [5b]
19 174 1.2 This wo
21 60 3.6 [7]
114 – – [14]
69 – – This wo
16 391 0.20 This wo
25 554 0.15 [14]
25 650 0.11 This w
(−83) 98 2.1 This wor
12 151 1.4 [6]

−4 281 0.71 This wor
(−85) 68 2.2 This wor
(−91) 55 2.7 This wor
(−82) 88 1.7 This wor
4.5 50 4.7 [7]
(−80) 63 2.6 This wor

48 – – This wor
3 48 4.4 This wo
7.3 91 1.4 This wo
21 150 0.92 This w

40 – – This work
(−102) 28 9.0 This work

−14 33 8.5 [9]
(−93) 55 3.7 This work

rass transition temperature (Tg) of the RTILs, which did not show any other peaks.
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However, unfortunately, the electrochemical stability of the
TSAC systems was very limited by the low electrochemical
stability of the TSAC anion itself as stated below.

Table 1also indicates another method to lower both the
melting point and viscosity of the aliphatic ammonium sys-
tem. The relatively high melting PP13-TFSI can be much
improved by introducing an alkoxy group into theN-methyl-
piperidinium such as PP1.1o2. Not only melting points but the
viscosity also decreased. However, the electrochemical sta-
bility of the quaternary ammonium systems was limited by
the presence of the alkoxy group as stated in the next section.

The physical properties of the S222 salt was almost the
same as that of EMI even for the aliphatic onium cation which
was not expected to form a low viscosity RTIL compared to
the aromatic EMI cation due to its poor charge dispersibil-
ity. The flat shape of the S222 might be the cause of the low
viscosity. Indeed, the triethylammonium (NH222) also forms
relatively low viscosity RTILs even in aliphatic ammonium
systems as shown inTable 1. However, the electrochemi-
cal stability of NH222-TFSI was poor compared to the fully
alkylated tetraalkylammonium salt as stated below. The sul-
fonium salt also exhibited a poor electrochemical stability as
already reported[9].

Based on these results, a new anion, which forms
low-melting and low viscosity RTILs consisted of a fully
alkylated quaternary ammonium cation to maintain its
e new
fl and
t
p A
h ies
c

interesting that these anions possess an asymmetric structure
as in the case of TSAC and C1C2.

3.2. Electrochemical windows of of various RTILs based
on amide (or imide) anions

Fig. 2 shows linear sweep voltammograms of various
RTILs based on amide anions and aliphatic onium cations.
Fig. 2(a) shows a LSV of the AQA salt and other related
ammonium salts and the TFSI anion. A good cathodic
and anodic stability was seen only for the fully alkylated
ammonium and phosphonium salts and not for the mono-
or tri-alkylated ammonium salts. This figure suggests that
the cathodic limit potential (ECL) was determined by the
reduction of the cation, and the anodic limit potential
(EAL ) was determined by the oxidation of the anion if
the TFSI anion would be more stable for reduction than
a quaternary ammonium cation, such as N1113, and a
quaternary ammonium cation more stable for oxidation than
TFSI. However, this was not valid for the EMI systems.
As shown inFig. 2(b), which shows the LSV of the C1C2
salts compared with that of the corresponding TFSI salts,
the EAL for the EMI systems (+2.0 V versus Fc/Fc+) was
much positive than that of the PP13 systems (+2.5 V versus
Fc/Fc+) even when both systems consisted of the same anion
such as TFSI. As previously reported[5a], the oxidation
p ved
a the
E
E tion,
b of
t

F RTILs a
h

lectrochemical stability, will be necessary. Recently, a
uoroborate anion, such as perfluoroethyltrifluoroborate
rifluoromethyltrifluoroborate, was reported[10,11a]. The
erfluoroethyltrifluoroborate anion forms RTILs with AQ
aving relatively low melting points and low viscosit
ompared with the tetrafluoroborate systems[11b]. It is

ig. 2. Linear sweep voltammograms (the first cycle) of GC in various
igh melting point (ca. 48◦C), scan rate = 50 mV s−1.
otential of Li-TFSI in an acetonitrile solution was obser
t +2.5 V versus Fc/Fc+, which was almost the same as
AL of PP13-TFSI. These results suggest that theEAL of the
MI systems must not be determined by the anion oxida
ut the EMI oxidation, and the electrochemical stability
he C1C2 anion was almost the same as that of TFSI.

at 25◦C. For NH222-TFSI, the sample was heated at 50◦C since this salt has
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Fig. 3. The first cycle of cyclic voltammogram of metal electrode at 25◦C: (a) in N1113-TFSI containing 0.4 mol dm−3 of Li-TFSI. Working electrode, Pt
(dotted line), Ni (solid line); (b) in propylene carbonate containing 1.0 mol dm−3 Li-TFSI. Working electrode, Ni. Scan rate = 50 mV s−1.

On the other hand, for the TSAC salts (Fig. 2(c)), both
the cathodic limit potential (ECL) and anodic limit poten-
tial (EAL ) shifted in an unfavorable direction, viz.,ECL went
positive, andEAL went negative for the AQA systems. These
results can be explained by the poor electrochemical stability
of the TSAC anion compared with TFSI and C1C2. As pre-
viously reported[5a], the oxidation and reduction potentials
of K-TSAC in acetonitrile were observed in +2.0 V versus
Fc/Fc+ and−2.7 V versus Fc/Fc+, respectively, which were
almost the same as that theEAL andECL of various TSAC
salts. Therefore, the TSAC anion has an excellent ability to
lower both the melting point and the viscosity; however, the
electrochemical stability of TSAC seems unsuitable for a
lithium battery application. The reason for this might be the
existence of the carbonyl group in TSAC.

As stated above, the viscosity of the AQA melts could
be decreased by introducing an alkoxy group into the side
chain of AQA.Fig. 2(d) shows the LSV of TFSI salts con-
taining various piperidinium cations with an alkoxy group.
In this case, both theECL and EAL depend on the kind

of alkoxy group in the cationic structure. TheECL of the
methoxymethyl and methoxyethyl piperidiniums shifted to a
positive potential compared with PP13-TFSI. On the other
hand, theECL of the methoxyethoxyethyl piperidinium was
almost the same as that of PP13-TFSI, however, theEAL
shifted to a negative potential, which indicated that the
methoxyethoxyethyl group is easily electrochemically oxi-
dized. In the range of our investigation, the electrochemical
stability of AQA with an alkoxy group and TFSI did not
maintain the advantage of using the AQA cation.

The lack of a good electrochemical stability of these salts
might seem unsuitable for lithium battery applications. How-
ever, the addition of a lithium salt to these RTILs apparently
improves the cathodic limit potential as stated below.

3.3. Lithium redox in RTILs based on aliphatic
ammonium salts.

As shown inFig. 3(a), lithium metal can be deposited on
a Ni electrode at ca.−3.2 V versus Fc/Fc+.in RTILs based on

F contain f
( n in (a
ig. 4. The first cycle of cyclic voltammogram of Ni in various RTILs
b), (c) and (d) were taken after 10 cycles. The data of EMI-TFSI show
ing 0.5 mol dm−3 of Li-TFSI at 25◦C. Scan rate = 50 mV s−1. Dotted lines o
) were taken from[13].
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N1113-TFSI. The potential was slightly positive from that
observed in propylene carbonate (Fig. 3(b)). In case of the Pt
electrode, many peaks due to the formation of a Li–Pt alloy
could be clearly observed. The shape of the plating/stripping
peaks in N1113-TFSI was not notably changed at least after
20 cycles.

As shown inFig. 2, the relatively low viscosity RTILs,
such as the TSAC salts and TFSI salts containing AQA with
an alkoxy group, were not electrochemically stable compared
with the TFSI salts containing AQA without an alkoxy group.
However, as shown inFig. 4, the lithium plating/stripping
behaviors could be observed with the addition of Li-TFSI
to these salts except for EMI-TFSI (Fig. 4(a)). This means
that theECL of these salts shifted to a negative potential
compared to that without Li-TFSI. Though the reason why
the plating/stripping of lithium could not be observed in
EMI-TFSI is still unknown at this time, one of the reasons
might be attributed to the difference in the properties of the
SEI film on Ni compared with the other salts. Recently, we
showed that theECL of EMI-TFSI was dramatically shifted
about 1.0 V more negative with the addition of Li salts, how-
ever, other alkali metal salts had no effect on the shift of
theECL. We then speculated that the SEI would consist of
the lithium cation and reduced ions derived from the RTIL
[13].

The shape of the lithium plating/stripping peaks, which
m film,
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properties of the SEI on Ni might be different based on the
kind of RTILs.
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