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ABSTRACT

An electrolyte for lithium batteries based on the ionic liquid 3-methy-1-propylimidazolium
bis(trifluoromethysulfony)imide (PMIMTESI) complexed with lithium bis(trifluoromethysulfony)imide
(LiTFSI) at a molar ratio of 1:1 has been investigated. The electrolyte shows a high ionic conductiv-
ity (~1.2 x 103 Scm~') at room temperature. Over the whole investigated temperature range the ionic
conductivity is more than one order of magnitude higher than for an analogue electrolyte based on
N-butyl-N-methyl-pyrrolidinium bis(trifluoromethanesulfonyl)imide (Py;4TFSI) complexed with LiTFSI
and used here as a benchmark. Raman results indicate furthermore that the degree of lithium coordinated
TFSl is slightly lower in the electrolyte based on PMIMTESI and thus that the Li* charge carriers should
be higher than in electrolytes based on Py;4TFSI. An ionic liquid gel electrolyte membrane was obtained
by soaking a fibrous fully interconnected membrane, made of electrospun P(VdF-HFP), in the electrolyte.
The gel electrolyte was cycled in Li/ionic liquid polymer electrolyte/Li cells over 15 days and in Li/LiFePO4
cells demonstrating good interfacial stability and highly stable discharge capacities with a retention of

>96% after 50 cycles (~146 mAhg1).

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

The search for highly stable electrolytes for lithium batteries
has been intense in recent years, especially for larger batteries
suitable for transportation applications such as in electric vehi-
cles (EVs) and hybrid-electric vehicles (HEVs). Since the first report
of room temperature ionic liquids (RTILs) based on 1-ethyl-3-
methylimidazolium cation and tetrafluoroborate anion by Wilkes
and Zaworotko [1], a number of RTILs have gained considerable
attention as potential substitutes for the presently used conven-
tional carbonate based solvents for lithium conducting electrolytes.
In contrast to electrolytes based on conventional solvents, RTILs, in
general, have negligible vapor pressure, non-flammable nature and
high thermal stability. In addition the RTILs have intrinsic ionic con-
ductivity at room temperature and a wide electrochemical window,
exhibiting good electrochemical stability in the range of 4.0-5.7V
[2,3]. However, one important disadvantage to the application of
RTILs in electrolytes is a relatively high viscosity compared to con-
ventional liquid electrolytes; the high viscosity limits ionic mobility
and therefore also ionic conductivity.

RTILs are molten salts composed of only cations and anions.
The cation, for example based on imidazolium, pyrrolidinium,
piperidinium, phosphonium and pyridinium, can be modified
by incorporation of side groups to the carbon atoms of the
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ring. With a large number of possible anions, for example
[BF4]~, [PFg]~, [N(CN);]~, [C4FgSO3]~, [CF3COz]~, [CF3S03]-,
[N(CF3S03),]~, and [CF3CONCF3SO;,]~ the properties of a RTIL
can be tailored through the selection of cation and anion
[2-10]. Several attempts have been made to tailor new RTILs
intended as solvents for lithium salts; some examples are N-alkyl-
N-methylmorpholinium bis(trifluoromethysulfonyl)imide, triethyl
(methoxymethyl)phosphonium bis(trifluoromethysulfonyl)amide
and trialkylsulfonium dicyanamides [11-13]. However, so far the
ionic conductivity obtained has been smaller than what could be
expected based on the viscosity and the concentration of ionic
charge carriers in these systems. Thus indicating a high degree
of ion-ion interaction; resulting for example in clusters of Li
coordinated TFSI or ion pairing [10,14]. Furthermore the systems
mentioned above show low electrochemical stability compared to
more common RTILs [2]. Recently, also RTILs of the electrochem-
ically more stable pyrrolidinium cation group has been studied
for application towards lithium batteries [15-19]. These pyrroli-
dinium based systems show promising results although they have
the drawback of being rather poor solvents for lithium salts which
in turn limits the number of effective charge carriers and fur-
thermore results in a rapid increase of viscosity with increasing
lithium salt concentration and with decreasing temperature. Nev-
ertheless, electrolytes based on N-butyl-N-methyl-pyrrolidinium
bis(trifluoromethanesulfonyl)imide (Py;4TFSI) complexed with a
lithium salt can be considered as a good benchmark for ionic liquid-
based electrolytes. An important issue when applying RTILs in
electrolytes is the ability to form a solid electrolyte interface (SEI).
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The SEI have seemingly contradictory properties; it prevents unde-
sirable reactions between the ionic liquid electrolyte (ILE) and the
electrode at the cost of increased resistance and decreased capacity
due to consumption of lithium. However, the latter can possibly be
solved by addition of additives to the electrolyte or by a substitution
of electrode material [20-22].

In the present publication we present an electrochemical
and spectroscopic study of an ionic liquid electrolyte based on
1-propyl-3-methylimidazolium bis(trifluoromethysulfony)imide
(PMIMTFSI) and complexed with LiTFSI to a molar ratio of 1:1.
For comparison results on a Py;4TFSI based analogue electrolyte
are presented. The PMIMTFSI based electrolyte LiTFSI is used here
as electrolyte in a gel type lithium secondary battery. Our results
demonstrate a good stability and highly stable discharge capacity
of the battery based on this electrolyte.

2. Experimental

2.1. Preparation of ionic liquid-based gel polymer electrolyte and
cathode

The ionic liquids, PMIMTFSI and Py;4TFSI together with the
LiTFSI were all obtained from Aldrich (>98% purity), stored under
argon and used as received. Fibrous P(VdF-HFP) membranes were
prepared by electrospinning according to the method described
previously [23,24]. A 16 wt.% solution of P(VdF-HFP) (Kynar Flex
2801) in a mixed solvent of acetone and N,N-dimethylacetamide
(HPLC grades, Aldrich)in 7:3 wt. ratio was electrospun at room tem-
perature. A homogenous, free standing film of ~80 wm thickness
was obtained. The membrane has a porous structure of entwined
polymer fibers of ~1 wm average thickness forming a net with a
mesh size of ~5 pum [23]. An ionic liquid gel polymer electrolyte
(ILPE) was obtained by soaking the polymer membrane for 30s in
a solution of LiTFSI/PMIMTESI (1:1 molar ratio) under argon atmo-
sphere at room temperature. The ILPE obtained is transparent and
mechanically stable with good retention of the electrolyte, the lat-
ter a requirement for application in lithium batteries [23,24]. The
LiFePO,4 cathode material was prepared by mechanical activation
method as described in detail elsewhere [25,26].

2.2. Characterization techniques

The ionic conductivity of the pure ionic liquids and the lithium
salt containing ionic liquids were measured from —20 to 80°Cin a
gold-plated cell with a 1 mm Teflon spacer, over a frequency range
10~ to 10% Hz using a Novocontrol broadband dielectric spectrom-
eter.

Raman spectra of the ionic liquids and the ionic liquid elec-
trolytes were recorded on a Bruker IFS 66 Fourier Transform
spectrometer, equipped with a FRA 106 Raman module and using
the 1064 nm line of a Nd:YAG laser as excitation source. The laser
power was set to 250 mW and the resolution was 4cm~1.

For the electrochemical measurements the LiFePO4 active mate-
rial powder, carbon black and poly(vinylidene fluoride) (PVdF:
Aldrich) binder were mixed in the ratio 83:7:10 by weight in N-
methyl pyrrolidone (NMP) solvent and the viscous slurry was cast
on aluminum foil and dried at 95°C under vacuum for 12 h. The
film was cut into circular discs of area 0.95 cm? and mass ~3.0mg
for use as the cathode. Cyclic voltammetry (CV) measurements of
a Li/ILPE/Li cell were performed at 25°C at a scan rate of 1mVs~!
between —1 and +1 V. The interfacial resistance between the ILPE
and the lithium metal electrode was measured by analyzing the
impedance response over the frequency range of 102 to 106 Hz of
the Li/ILPE/Li cell kept at room temperature for a period of up to 15
days. Electrochemical performance tests were carried out using an

automatic galvanostatic charge-discharge unit, WBCS3000 battery
cycler, between 2.5 and 4.0 V. The experiments were performed at
0.1 C (0.042 mA cm~2) current density rate.

3. Results and discussion

The temperature dependence of the ionic conductivity of pure
ILs and the ILs complexed with LiTFSI is shown in Fig. 1. The conduc-
tivity of all four systems increases with increasing temperature over
the investigated temperature range. The measured conductivity for
the pure PMIMTFSI and the PMIMTESI/LITFSI electrolyte is in excel-
lent agreement with the recently published results by Guerfi et al.
[27] while the measured conductivity for pure Py;4TFSI is slightly
higher (about 20%) than the results reported in Ref. [18]. As is gen-
erally observed the overall conductivity of an IL decreases with
complexation of a salt. However, over the whole temperature range
investigated this decrease is more pronounced for the Py;4TFSI
based system. As a result the conductivity of the PMIMTFSI/LiTFSI
electrolyte is about an order of magnitude higher compared to the
Py14TFSI based analogue over temperature. Arguably a reasonable
high ion conductivity (>10~4Scm~1) is needed for high power bat-
tery applications [28]; a conductivity of around 1.2 x 1074 Scm1 s
achieved at 0 °Cin the PMIMTFSI based system increasing to around
1.2x 1073 Scm~! at 30°C. Before passing it is to be noted that the
conductivity of the gel polymer electrolyte is not reported in the
present study. A decrease in the conductivity can be anticipated in
part due to the dilution of charge carrier concentration per volume
caused by the introduction of the P(VdF-HFP) membrane and in
part by a nonlinear decrease of diffusion rate of the solvent in a gel
as a function of polymer concentration [29]. In PVAF based gel elec-
trolytes with dimethyl ethers a reduction of the total conductivity
with a factor of three as compared to the dimethyl ether/Li-salt
system has been reported by Abraham et al. [30].

Raman spectra of pure PMIMTFSI and Py4TFSI and the elec-
trolyte solutions containing 0.5 M LiTFSI were measured over the
frequency range 0-3500 cm~!. Raman results of the pure ionic lig-
uids are reported in Fig. 2. The two spectra have several similarities
due to the common TFSI anion with main features indicated in
the figure. A full assignment of the vibrational modes of the TFSI
anion is given in the paper by Duluard et al. [31]. Also some of
the vibrational features of the two different cations show simi-
larities, especially and not surprising, in the CH vibrational region
~2800-3100cm™!. It has been established that the strong Raman
mode around 740 cm~! (shown in the inset of Fig. 2), correspond-

Fig. 1. lonic conductivity as a function of temperature for pure PMIMTFSI, Py;4TFSI
and the two corresponding liquid electrolytes obtained after complexation with
LiTFSI at molar ratio of 1:1.
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Fig. 2. Raman spectra of PMIMTFSI and Py;4TFSI at room temperature. Inset: A
close up of the strong Raman mode of PMIMTEFSI at 740 cm~! corresponding to an
expansion and contraction mode of the whole TFSI anion that produces a large polar-
izability change. The contribution of the two conformers (C1 and C2) discussed in
text is indicated.

ing to an expansion and contraction mode of the whole TFSI anion
that produces a large polarizability change, is sensitive to Li* coor-
dinated TFSI and also to the conformational states of the anion
[31,32]. In equilibrium the TFSI anion is found in two conforma-
tional states, C1 (cisoid) and C2 (transoid) with contributions to the
Raman spectra at ~741 cm~! at ~745 cm~! respectively. The solid
lines in the insets are results of a bandfit using Lorentzian profiles.

In Fig. 3(a)-(c) the 740 cm~! band for the LiTFSI/PMIMTESI elec-
trolyte is shown at three different temperatures (—10, 25 and 60 °C).
Three conformers are needed to describe the band profile. In addi-
tion to the two components related to free C1 and C2 conformers
a third component around 748 cm! is found, corresponding to
TFSI coordinated to Li ions [31]. With increasing temperature the
concentration of TFSI coordinated to Li ions decreases markedly as

observed by the decrease in relative intensity area of the 748 cm™!
conformer. The concentration of C1 conformer increases while the
concentration of C2 conformer is nearly constant over the tempera-
ture range. In panel 3(d) the 740 cm~! band for the LiTFSI/Py4TFSI
electrolyte at 25 °C is shown for comparison. When comparing the
intensity of the third component in panel (d) with the same compo-
nent in panel (b) we find that the concentration of TFSI coordinated
to Li* is ~15% higher than in the corresponding PMIMTFSI based
system. We note before passing that the latter result indicates that
the major part of the difference in conductivity is related to mobility
of the charge carriers.

The compatibility of the ionic liquid-based gel polymer elec-
trolyte, ILPE, vs. a lithium metal electrode has been analyzed by
monitoring the complex impedance of a symmetrical Li/ILPE/Li cell
over storage up to 15 days at room temperature (see Fig. 4). The
symmetrical cell shows a typical impedance resistance pattern for
an electrolyte with a high ionic conductivity. The main contribu-
tion to the resistance is from the interface while the bulk resistance
(the high frequency loci of the arc on the left hand side) is very low.
During the first week of storage the total resistance increases (see
table inset in Fig. 4). However, during the second week of storage
the trend is reversed; the resistance values decreases and stabi-
lizes at an intermediate value. A similar behavior has previously
been observed for some gel polymer electrolytes due to improve-
ment of interfacial properties [24,33,34]. The overall increase in
resistance might signal a formation of an SEI, however, at this
point neither the mechanism nor the composition of such is estab-
lished.

Cyclic voltammetry (CV) data of the Li/ILPE/Li cell are presented
in Fig. 5. The redox peaks in the initial cycle correspond to an anodic
oxidation at +0.48 V and a cathodic reduction at —0.41V vs. Li*/Li. A
slight shift of the anodic and cathodic voltages is observed up to the
fifth cycle. The cell shows nearly overlapping CV curves after about
5 cycles, indicating the occurrence of highly reversible oxidation
and reduction processes with high columbic efficiency. This result

Fig. 3. Raman spectra of the 740 cm~" mode for different temperatures. Panels (a-c) shows the LiTFSI/PMIMTFSI ionic liquid electrolyte at the temperatures indicated and

in panel (d) the LiTFSI/Py 4 TESI electrolyte at 25 °C is shown.
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Fig. 4. Impedance behavior of the ionic liquid gel polymer electrolyte (ILPE) based
on LiTFSI/PMIMTFSI in a Li/ILPE/Li cell as a function of storage time at 25 °C. The total
resistance as determined by the low frequency loci of the large semi-circle on the
right hand side is tabulated in the inset.

is also in qualitative agreement with the stabilization of the total
resistance discussed above.

The charge/discharge behavior at a 0.1C-rate and at room
temperature of a Li/ILPE/LiFePO4 cell during the first 5 cycles is
shown in Fig. 6. The charge and discharge capacities are 154.4
and 151.6 mAh g1, respectively, confirming the high columbic effi-
ciency of the redox process. The initial discharge capacity of the
cell corresponds to 89% of the theoretical capacity of LiFePO4 and
is maintained also after 5 cycles. The voltage plateau for the charge
and discharge processes is a characteristic of LiFePO4 [25,26]. The
voltage difference between the two plateaus is very small (~0.16 V
at first and 0.12 'V at fifth cycle) and reflects the low cell resistance
that remains stable during cycling. We note that the pronounced
plateaus can in part be attributed to a small polarization within the
cell at 0.1C-rate. During the first charge discharge cycle the plateaus
are however, shorter than in the following cycles. The apparent
increase in performance may be attributed to a decrease in internal
resistance during the first completed cycle, thereby decreasing the
ohmic loss in the battery. The mechanism behind such a decrease
is presently unknown to us. Usually, formation of SEI layer on
electrode surface involves an irreversible capacity fade. We note,
however, that the formation of protective SEI layer in electrolyte

Fig. 5. Cyclic voltammetry (CV) curves during 1st, 2nd, 5th and 10th cycles of
Li/ILPE/Li cell at 25°C.

Fig.6. 1st,2nd and 5th cycles of charge-discharge capacities of a Li/LiFePO4 cell with
the gel polymer electrolyte based on LiTFSI/PMIMTESI (25 °C, 0.1C-rate, 2.5-4.0V).

Fig. 7. Cycle performance of Li/LiFePO4 cell with an ionic liquid gel polymer elec-
trolyte based on LiTFSI/PMIMTEFSI ionic electrolyte (25 °C, 0.1C-rate, 2.5-4.0V).

systems based on ionic liquids and lithium salts without further
additives have recently been discussed [21].

The discharge capacity as a function of cycle number of a
Li/ILPE/LiFePOy4 cell at room temperature under 0.1C-rates is pre-
sented in Fig. 7. The cell shows a stable cycling performance over
the 50 cycles followed in this work. The discharge capacity fading
for the Li/ILPE/LiFePO4 cell calculated on the basis of the initial and
50th cycle capacities is ~0.08% per cycle. After 50 cycles, adischarge
capacity of 145.9 mAh g~ was obtained for the cell; thus the capac-
ity retention is 96.2%. The very good cycling performance of the cell
is promising and reflects a combination of electrochemical stabil-
ity of the ionic liquid electrolyte together with excellent conduction
properties and compatibility with the electrode materials.

4. Conclusions

The present results demonstrate that LiTFSI/PMIMTEFSI in molar
ratio 1:1 is a very promising ionic liquid electrolyte for lithium
battery application. This is due to a combination of low viscosity,
good Li-salt solvation properties and electrochemical stability pre-
venting undesirable reactions between electrode and electrolyte.
The LiTFSI/PMIMTEFSI electrolyte shows a conductivity above
~10~4Scm~! at 0°C, a value proposed as a benchmark for large
capacity batteries for EV’s or HEV’s [28]. Furthermore, it is shown



J.-K. Kim et al. / Journal of Power Sources 195 (2010) 7639-7643 7643

that the incorporation of the electrolyte in a polymer gel based
on electrospun poly(vinylidene fluoride-co-hexafluoropropylene)
results in excellent charge/discharge capacity and good cycling sta-
bility in a cell with Li/LiFePO4 electrodes. It is to be noted however,
that before the present electrolyte can be suggested for electric
vehicle applications thorough testing of long term chemical and
thermal stability against for example a graphite anode has to be
performed.
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