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a b s t r a c t

Ionic liquids are assuming a constantly growing importance as preferred media for the progress of various
energy devices such as solar cells, supercapacitors and lithium batteries. However, their electrochemical
properties are not yet fully recognized and in this paper we try to contribute to fill the gap by investigating
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the stability window of a sample IL-based solution, as well as its interfacial properties with two typical
lithium ion battery electrodes, namely lithium titanate, Li4Ti5O12 and lithium iron phosphate, LiFePO4. The
results of a detailed impedance spectroscopy analysis demonstrate that, although operating well within
the stability domain of the selected IL-based electrolyte, both electrodes undergo passivation phenomena
with the formation on their surface of a solid electrolyte interface, SEI, layer. The impedance spectra show
that the resistance of the SEI is very low and stable, this suggesting that its occurrence is highly beneficial

sible
ithium Ion battery in terms of assuring rever

. Introduction

Ionic liquids (ILs) are molten salts at room temperature, namely
oulombic liquids. ILs have many important specific properties,
ncluding reasonably high conductivity, negligible vapor pressure,
igh thermal stability and non-flammability. All these properties
ake ILs very interesting new materials for electrochemical uses

1,2].
Among all possible applications, those directed to lithium ion

atteries are highly appealing [3–5]. Indeed, the use of IL-based
olutions as innovative electrolyte media contributes to overcome
he safety issues associated to the evaporation, thermal instability
nd flammability of the organic solutions presently used in these
atteries. Accordingly IL-based solutions may be the electrolytes of
he future, provided that some key features, such as high lithium
on conduction and wide electrochemical stability, are met.

In principle it is not difficult to confer lithium ion transport to an
L, being it sufficient to add a suitable lithium salt [2]. However, to
btain a practically usable, IL-based, lithium ion electrolyte, certain
onsiderations must be taken into account, in particular for what
he choice of the IL itself is concerning.
Most commonly, ILs are formed of organic ions, and may undergo
lmost unlimited structural variations because of the easy prepa-
ation of a large variety of their components [1]. The largeness and
he asymmetry of the component ions are key factors in control-

∗ Corresponding author. Tel.: +39 0649913664; fax: +39 06491769.
E-mail address: priscilla.reale@uniroma1.it (P. Reale).
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and safe electrode processes.
© 2009 Elsevier B.V. All rights reserved.

ling the melting temperature of a given IL, as well as in tailoring all
its chemical and transport properties [1,3]. Another key aspect is
the electrochemical stability domain, a parameter which rules the
choice of the electrode combinations to be used in the battery.

In this latter respect, thanks to their wide electrochemical stabil-
ity window, quaternary ammonium cation-based ILs are the most
widely studied for electrochemical applications [4]. In particular,
large attention has been addressed to imidazolium-based ILs, in
virtue of their low viscosity and relatively high conductivity. Nev-
ertheless, there are still controversial opinions on the extension of
the electrochemical window of this class of ILs, especially for what
the cathodic side is concerning [6–8].

Recently, we reported on a 1-n-butyl-1-ethyl-pyrrolidinium
bis(trifluoromethane) sulfonimide IL, shortly named as Py24TFSI,
which, for battery applications, proved to be more promising than
the more common imidazolium-based ILs [9]. This particular IL
is characterized by a large cation with a high level of asymmetry
and with a positive charge localized on the nitrogen atom, i.e. by a
specific structure which, in virtue of the long alkyl chain inductive
effect and of the steric hindrance, is expected to induce stabiliza-
tion [10]. Analogously, the anion is large, flexible and its charge is
delocalized and shielded in the inner part of the ion. All these fea-
tures promote low melting temperature (−8 ◦C, in the case of the
Py24TFSI IL), and high ion dissociation [11].
The synthesis, the thermal and transport properties of
solutions made by dissolving a lithium salt, i.e. lithium
bis(trifluoromethane)sulfonimide, LiTFSI in Py24TFSI, were
reported in a previous paper [9]. In this work we extend the
electrochemical characterization of this LiTFSI–Py24TFSI solution,

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:priscilla.reale@uniroma1.it
dx.doi.org/10.1016/j.jpowsour.2009.05.016
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ig. 1. Linear-sweep voltammetry of a carbon Super P electrode in the neat Py24TFS
can. Li counter and reference electrodes. Scan rate 0.2 mV s−1.

ith the main aim of clarifying the occurrence and the nature of
nterfacial phenomena with electrodes of interest for lithium ion
attery applications. In this respect, we have focused the study
n two of the most promising candidates, namely the lithium
itanate Li4Ti5O12 anode and the lithium iron phosphate, LiFePO4
athode.

. Experimental

The Py24TFSI ionic liquid and its 0.2 m LiTFSI–Py24TFSI solution
ere prepared according to the procedure reported in reference

9]. Lithium titanium oxide was obtained through a solid-state
ynthesis, by annealing under oxygen flux an intimate mixture of
toichiometric amount of LiOH·H2O (Aldrich 98%) and TiO2 anatase
Aldrich 99.9%) at 800 ◦C for 12 h [12]. Lithium iron olivine was pre-
ared by calcinating under nitrogen flux a stoichiometric mixture
f FeII phosphate and lithium phosphate at 700 ◦C for 12 h [13].
he precursor was synthesized by a low-cost aqueous precipitation
echnique described elsewhere.

Electrode films were obtained by casting onto an Al foil a mixture
f 80% active material (Li4Ti5O12 and LiFePO4, respectively), 10%
uper P carbon and 10% poly(vinylidenfluoride), PVdF dissolved in
-methylpyrrolidinone.

The electrochemical stability windows of the neat IL and of the
.2 m LiTFSI–Py24TFSI solution, respectively, were determined by

inear-sweep voltammetry of a Super P carbon working electrode
un at 0.2 mV s−1 in a three-electrode cell having a Super P car-
on working electrode and lithium foil as reference and counter
lectrode. The test was performed by using a PAR 362 potentiostat.

The cyclic voltammetry of the Li4Ti5O12 and LiFePO4 elec-
rodes in the 0.2 m LiTFSI–Py24TFSI solution was run at 0.2 mV s−1

nd at 40 ◦C using a PAR 362 potentiostat. The galvanostatic
harge–discharge tests were performed at a C/10 rate (i.e. 1 lithium
quivalent in 10 h) using a Maccor 8000 Battery Tester system.

The characteristic of the Li4Ti5O12/0.2 m LiTFSI–Py24TFSI inter-
ace and of the LiFePO4/LiTFSI–Py24TFSI interface were investigated
y impedance spectroscopy run on various types of cell, namely
i) three-electrode cells using lithium counter and lithium refer-
nce electrodes, (ii) symmetrical two-electrode cells using two
wins electrodes (i.e. two Li4Ti5O12 electrodes or, in alternative,
wo LiFePO4 electrodes) and (iii) three-electrode cells using two
wins electrodes (i.e. two Li4Ti5O12 electrodes or, in alternative, two

iFePO4 electrodes) in connection with a third, lithium sink elec-
rode (i.e. LiFePO4 or, in alternative, Li4Ti5O12) of a different kind (for
etails see below). The related impedance spectra were obtained
y a Solartron Frequency Response analyzer in a 0.01–100 kHz fre-
uency range. Impedance deconvolution and non linear least square
c liquid and in the 0.2 m LiTFSI–Py24TFSI solution. (a) Anodic scan and (b) cathodic

refinement have been performed by mean of the EQUIVCRT soft-
ware by Boukamp [14].

3. Results and discussion

The characterization of the 0.2 m LiTFSI–Py24TFSI solution was
first directed to the investigation of its stability window. This is
an important parameter since it allows defining the voltage range
of applicability of the electrolyte. Typically, this evaluation is per-
formed by running a sweep voltammetry on a working, here Super
P carbon, electrode placed in the solution under test, here the 0.2 m
LiTFSI–Py24TFSI solution. The onset of the current in the cathodic
and in the anodic side gives the decomposition voltages which set
the limits of the stability window of the electrolyte. Clearly, under
these practical conditions, the extension of the stability window is
a function of the nature of the working electrode. We have used
a large surface area carbon electrode on which the decomposi-
tion reactions are expected to be particularly enhanced. This most
unfavourable case was chosen on purpose in order to be sure that
the limits set by this electrode may hold for any other alternative
electrode material. The choice was also motivated by the fact that
carbon is present in all electrode configurations of practical lithium
batteries and thus, its use as testing electrode may well mimic the
real conditions.

Fig. 1 reports the results of the stability test in terms of
current–voltage curves of the C working electrode. Fig. 1a compares
the anodic scans obtained in a cell using the neat Py24TFSI ionic
liquid and the 0.2 m LiTFSI–Py24TFSI solution, respectively. Clearly,
the addition of LiTFSI largely improves the anodic stability which
passes from about 3.5 V vs. Li to more than 4.5 V vs. Li. This result has
important implications since it demonstrates that the solution may
be safely used in connection with high voltage cathodes. The reason
why the lithium salt is capable to extend the anodic electrochemical
stability is not yet totally clear. Quite likely, the effect is associated
to specific interactions between the salt and the ionic liquid, which
result in the enforcement of the overall structure. Spectroscopic
investigation is under way to confirm this hypothesis.

Fig. 1b shows the stability response in the cathodic side. In this
case the addition of the lithium salt is not fruitful, but rather delete-
rious since it anticipates the onset of the current to a decomposition
value of 1.5 V vs. Li in respect to that experienced with the neat ionic
liquid, i.e. 0.8 V vs. Li. However, we notice from Fig. 1b that the cur-

rent profile related to the cell using the solution reveals a second
process at about 0.3 V vs. Li. This strongly suggests that the first
decomposition process at 1.5 V results in the formation of a solid
electrolyte interface (SEI), passivating film on the electrode surface
which kinetically extends the stability down to 0.3 V.
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ig. 2. Cyclic voltammetry at 40 ◦C of a Li4Ti5O12 electrode in a 0.2 m LiTFSI–Py24TFSI
olution. Li counter and reference electrodes. Scan rate: 0.2 mV s−1.

In view of the above considerations, we may assume for the
.2 m LiTFSI–Py24TFSI solution a stability window ranging from 1.4
o 4.6 V, with a possible extension to lower cathodic voltages due to
he formation of a protective SEI. Therefore, in terms of lithium ion
attery applications, the 0.2 m LiTFSI–Py24TFSI solution is compat-

ble with the majority of common positive electrodes (cathodes),
.g., LiCoO2, LiMn0.5Ni0.5O2, LiCo0.33Mn0.33Ni0.33O2, LiFePO4, while
he use of negative electrodes (anodes) appears to be preferable for

aterials operating within the 1.5 V range, although, due to the pro-
ection of the SEI layer, extension to lower voltage anodes cannot
e excluded.

On the basis of the above considerations, we concentrated
ur study to electrode combinations based on a Li4Ti5O12 anode
nd a LiFePO4 cathode, both operating within the stability win-
ow of the 0.2 m LiTFSI–Py24TFSI solution, namely 1.5 V vs. Li for
he former and 3.5 V vs. Li for the latter. To be noticed that the
i4Ti5O12–LiFePO4 system has been successfully used in lithium ion
atteries using conventional liquid electrolytes [15]. Indeed, results
riginally obtained in our laboratory [15] and later confirmed by
any other authors have demonstrated that this electrode combi-

ation gives a ∼2 V battery with excellent performances in terms
f reliability and cycle life.

It is then expected that this combination may also be highly
eneficial for developing efficient ionic liquid battery systems. To
onfirm this, it has appeared to us of interest to explore the electro-
hemical behaviour of both the Li4Ti5O12 and LiFePO4 electrodes, by
ocusing on their kinetic and interfacial properties when in contact
ith our 0.2 m LiTFSI–Py24TFSI solution.

.1. Properties of the Li4Ti5O12 electrode in the IL-based
lectrolyte

Fig. 2 shows the cyclic voltammetry of the Li4Ti5O12 electrode at
0 ◦C. The voltammetry develops with well reproduced peaks, cen-
red around 1.48 V vs. Li, and around 1.66 V vs. Li, representing the
ell-known, Li insertion Li deinsertion, electrochemical process:

i4Ti5O12 + Li � Li7Ti5O12 (1)

o which is associated a theoretical specific capacity of 175 mAh g−1.
he shape of the voltammetry curves confirms that the electrode

aintains high reversibility and fast kinetics also in the ionic liquid
edium.
The good behaviour of the lithium titanate electrode is also

emonstrated by the trend of its typical Li insertion–Li deinsertion
ycles, reported in Fig. 3. As typically expected for the two-phase
Fig. 3. Galvanostatic voltage profile of the Li insertion–Li deinsertion cycles of a
Li4Ti5O12 electrode in a 0.2 m LiTFSI–Py24TFSI solution at 40 ◦C. Li counter. Current
rate: C/10.

process [1], the voltage profiles are flat and the capacity is quite
high, i.e. close to the 80% of the theoretical value. We may then
conclude that the Li4Ti5O12 electrode behaves in the IL-based solu-
tion as well as in the common organic electrolytes. To be noticed
in this respect that, while the main electrochemical process of the
Li4Ti5O12 electrode develops within the stability domain of the elec-
trolyte, the cathodic cut-off potential is at its limit. Nevertheless,
Figs. 2 and 3 demonstrate that the electrode cycles well with no
sign of deterioration. This may be explained on the basis of the pro-
posed extended stability promoted by the SEI formation, see Fig. 1b
and related discussion. In alternative, difference in kinetic stability
passing from a Super P electrode (Fig. 1b) to Li4Ti5O12 electrode,
where the amount of Super P is much less, cannot be excluded.

To confirm this explanation, we have carried out a detailed
impedance analysis of the Li4Ti5O12 electrode in the 0.2 m
LiTFSI–Py24TFSI solution. The idea was to investigate the condi-
tion of the interface with the main aim of detecting the eventual
occurrence of side reactions and finally, of demonstrating the for-
mation of the SEI. For this test we have used a three-electrode cell,
equipped with lithium counter and lithium reference electrodes,
in order to evidence the response of the single Li4Ti5O12 electrode
under different operating conditions.

Fig. 4a shows a series of impedance plots collected at various
stages of the electrochemical process of the Li4Ti5O12 electrode in
the 0.2 m LiTFSI–Py24TFSI solution, namely in its pristine state, in
the full discharge (Li intercalation) stage (1.2 V vs. Li), after three full
cycles, in the half discharge state at 1.6 V vs. Li in the plateau (com-
pare Fig. 3) and finally, to evaluate aging effects, after 25 full cycles.
The first evidence is that the impedance responses evolve without
signs of major deterioration. In the pristine state and whenever the
electrode is cycled and left in its charged state, the main feature of
the spectra is a capacitive trend at low frequency, as typical for an
electrode in its blocking state. The absence of deviation from this
expected trend excludes the occurrence of side reactions with the
electrolyte. The electrode becomes non-blocking when Li4Ti5O12 is
in equilibrium with Li7Ti5O12 (see [1]), i.e. at 1.6 V vs. Li. By zoom-
ing the high frequency region (see inset of Fig. 4a), it is possible
to detect the convolution of at least two semicircles. Considering
the frequency and capacitance values, it is possible to attribute this
multi-semicircle response to the presence of a multilayer SEI.
The overall spectra was then fitted with an equivalent circuit
composed of a series of three parallel RQ elements, see Fig. 4c. The
fitting analysis suggested an interpretation based on the sequence
of two high frequency semicircles (associated to the formation



P. Reale et al. / Journal of Power Sources 194 (2009) 182–189 185

F tion u
t

o
(
i
e
c
v

F
s
(

ig. 4. Impedance response of a Li4Ti5O12 electrode in a 0.2 m LiTFSI–Py24TFSI solu
he interface resistance; (c) equivalent circuit. Li counter and reference electrodes.

f a passivating film), followed by a middle frequency semicircle

associated to the charge transfer) and finally, by a geometric capac-
tance. This appears as a good evidence of the SEI occurrence on the
lectrode surface, also supported by the fact that its overall interfa-
ial resistance, after an initial growth, stabilizes around a low 150 �
alue, see Fig. 4b.

ig. 5. Impedance response of a symmetrical, lithium-free cell formed by two twin Li4Ti
olution. (a) Nyquist plots at various storage times: d00 means on assembly, d01 means a
c) equivalent circuit.
nder various stages of the electrochemical process. (a) Nyquist plots; (b) values of

However, under the experimental conditions used for the test,

one cannot rule out that the origin of the SEI on the Li4Ti5O12 sur-
face, rather than being solely an intrinsic feature of the electrode,
may be due to the precipitation of decomposition products formed
onto the surface of the lithium counter electrode. To exclude this
possible interference, we designed two additional tests. In the first

5O12 electrodes in their charged state, i.e. at ∼3 V vs. Li, in a 0.2 m LiTFSI–Py24TFSI
fter 1 day, d05 after 5 days and so on; (b) time evolution of the interface resistance;
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the very first cycle the occurrence of some irreversibility; however,
the following cycles proceed with well reproduced peaks without
evidence of side reactions. This behaviour is confirmed by the trend
of the galvanostatic cycles, see Fig. 8, which are representative of
ig. 6. Impedance response of a symmetrical, lithium-free cell formed by two twin L
olution. (a) Nyquist plots in the pristine state and after half-discharge; (b) time evo

ne, we run an impedance analysis on a symmetrical cell formed
y two Li4Ti5O12 twin electrodes, both in their charged state, i.e.
t ∼3 V vs. Li. The response of this, totally lithium-free, cell is
hown in Fig. 5a. The data were obtained at a progressive storage
ime extended to a total of 38 days. No electrochemical reaction
s possible for the cell under test since formed by two fully oxi-
ized, equal electrodes and, accordingly, the general trend of the

mpedance response is that associable to a blocking system. How-
ver, a closer look at the spectra reveals the occurrence of a series
f events. These can be described by a semicircle developing at
igh frequency, which can be ascribed to the presence of a SEI, fol-

owed by another semicircle in frequency region where phenomena
elated to charge transfer, i.e. ion desolvation/adsorption are gen-
rally detected. Therefore, these results tend to suggest that a SEI
s formed on the Li4Ti5O12 electrodes even when they are in their
harged state, namely well within the stability domain of the elec-
rolyte. It is difficult to rationalize the SEI formation under these
oltage conditions; one can only assume that it may be due to a
eaction with some residual impurities in the electrolyte. However,
he important fact in relation to possible battery applications, is that
he resistance of the SEI is comparably quite low and increases very
lowly upon time of storage, see Fig. 5b, this finally demonstrat-
ng the excellent stability of the Li4Ti5O12/0.2 m LiTFSI–Py24TFSI
olution interface.

A second Li4Ti5O12/Li4Ti5O12 cell was assembled, however with
he addition of a third electrode. The latter was LiFePO4 and its role
as to deliver lithium to the two Li4Ti5O12 electrodes in order to
ring them to their half discharged (i.e. lithium inserted) state, thus
voiding the use of metal lithium in the cell. The two Li4Ti5O12 elec-
rodes were short-circuited, connected to the LiFePO4 electrode and
lowly discharged galvanostatically towards the half of the plateau,
.e. Li5.2Ti5O12 (see Fig. 3). Fig. 6a shows the impedance response of
he cell. As expected, when the two Li4Ti5O12 electrodes are in the

ristine state (i.e. before connection with the LiFePO4 electrode),
he response reflects their blocking behaviour. The spectra change
fter discharge with the evolution of two semicircles and a 45◦

pike indicating that interface and diffusion phenomena become
elevant. However, it is very interesting to observe that, while the
12 electrodes plus a third, lithium sink LiFePO4 electrode, in a 0.2 m LiTFSI–Py24TFSI
of the interface resistance; (c) equivalent circuit.

spectra change macroscopically upon insertion, the high frequency
region (associable to the SEI) remains at very low values and almost
unchanged upon time, see Fig. 6b. This is an additional, important
evidence that the solid electrolyte interface on the Li4Ti5O12 elec-
trode in the 0.2 m LiTFSI–Py24TFSI solution is indeed a very stable
and a low resistive film.

3.2. Properties of the LiFePO4 electrode in the IL-based electrolyte

The investigation of the electrode behaviour in the in the 0.2 m
LiTFSI–Py24TFSI solution was extended to the LiFePO4 case. Fig. 7
shows the cyclic voltammetry at 40 ◦C. The response evidences in
Fig. 7. Cyclic voltammetry at 40 ◦C of a LiFePO4 electrode in a 0.2 m LiTFSI–Py24TFSI
solution. Li counter and reference electrodes. Scan rate: 0.2 mV s−1.
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ig. 8. Galvanostatic voltage profile of the two-phase cycling process of a LiFePO4

lectrode in a 0.2 m LiTFSI–Py24TFSI solution at 40 ◦C. Li counter. Current rate: C/10.

he expected two-phase electrochemical process:

iFePO4 � FePO4 + Li (2)

o which is associated a theoretical specific capacity of 170 mAh g−1.
e see that the voltage profiles evolve around 3.5 V, i.e. well within

he stability domain of the electrolyte solution (compare Fig. 1a).
n addition, the capacity approaches the theoretical value and thus,
e may conclude that also the LiFePO4 electrode behaves in the

L-based solution as well as in the common organic electrolytes.
The impedance analysis of the LiFePO4 electrode in the 0.2 m

iTFSI–Py24TFSI solution was carried out with a protocol similar to
hat used for the Li4Ti5O12 electrode, with the aim of determining
lso in this case the conditions of the interface. Fig. 9a shows a series

f impedance plots collected at various stages of the electrochemi-
al process of the LiFePO4 electrode, namely in its pristine state, in
he charged (LiFePO4 phase) state (4.0 V vs. Li), after three full cycles,
n the half charge state (3.5 V vs. Li) in the plateau (compare Fig. 8)
nd finally, to evaluate aging effects, after 25 full cycles. Similar

ig. 9. Impedance response of a LiFePO4 electrode in a 0.2 m LiTFSI–Py24TFSI solution und
nterface resistance; (c) equivalent circuit. Li counter and reference electrodes.
urces 194 (2009) 182–189 187

to the Li4Ti5O12 case, we notice that the impedance shapes evolve
without signs of major deterioration and by assuming a capacitive
trend when the electrode is in its pristine state or left in its charged
state. As expected, the response of the electrode becomes non-
blocking in its half charged state. By zooming the high frequency
region (see inset of Fig. 9a), it is possible to detect the convolution
of at least two semicircles. Considering the frequency and capaci-
tance values, the multi-semicircle response is likely associated to
the presence of a multilayer SEI, see also the fitting equivalent cir-
cuit of Fig. 9c.

Therefore, also in the LiFePO4 case the impedance results evi-
dence the formation of a SEI. The resistance of the SEI is initially
comparable with that found for Li4Ti5O12, namely of the order of
100–200 �, to then abruptly increase after aging for 25 cycles, indi-
cating a sudden, massive growth of the surface passivating layer,
see Fig. 9b. Since operating well within the electrochemical win-
dow of the 0.2 m LiTFSI–Py24TFSI solution (compare Figs. 1a and 8),
the LiFePO4 electrodes should be stable in the potential range here
examined. Then, the sudden growth of the surface layer is likely
due to be associated with external effects, such as precipitation of
by-products resulting from reactions at the lithium electrode side.

We have prepared and tested a symmetrical, lithium-free cell
formed by two twin LiFePO4 electrodes in their reduced state at
∼3 V vs. Li. Fig. 10a shows the impedance response of this cell. The
data were obtained at progressive storage times for a total of 38
days. Similar to the Li4Ti5O12 case, the Nyquist plots evolve with
a convoluted semicircle at high frequency, ascribable to the pres-
ence of a SEI, followed by a linear behaviour typical of blocking
conditions. This result confirms that also the LiFePO4 electrode
experiences the formation of a surface passivating layer, SEI, when
placed in contact with the 0.2 m LiTFSI–Py24TFSI solution. Impor-
tantly, the resistance of this layer is quite low, i.e. of the order of
60–80 �, although it tends to slowly and gradually increase upon
storage.
Following the protocol used for the Li4Ti5O12 electrodes,
a second symmetrical LiFePO4/LiFePO4 short-circuited cell was
assembled with the addition of a third, lithium sink electrode, in
this case Li4Ti5O12. By passing current trough the cell, the LiFePO4
electrodes were brought to a half-discharged state, namely at the

er various stages of the electrochemical process. (a) Nyquist plots; (b) values of the
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Fig. 10. Impedance response of a symmetrical, lithium-free cell formed by two LiFePO4 twin electrodes in their charged state, i.e. at ∼4 V vs. Li, in a 0.2 m LiTFSI–Py24TFSI
solution. (a) Nyquist plots at various storage times: d00 means on assembly, d01 means after 1 day, d05 after 5 days and so on; (b) time evolution of the interface resistance;
(c) equivalent circuit.
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ig. 11. Impedance response of a symmetrical, lithium-free cell formed by two twin
olution. (a) Nyquist plots in the pristine state and after half-discharge; (b) time evo

iddle of the plateau around 3.4 V vs. Li (compare Fig. 8). The
mpedance response of this lithium metal-free cell, is shown in
ig. 11a. The effects associated to the SEI surface layer and to the
harge transfer resistance (compare discussion of Fig. 6), are easily
istinguishable in the high frequency region of the Nyquist plots.
uite interestingly, both the values of these parameters do not

hange by the time of storage, this finally demonstrating that, as
i4Ti5O12, also LiFePO4 is a very stable electrode in the IL-based
olution examined in this work, but, quite likely, also in the major-
ty of the IL-based solution presently considered for lithium battery
pplication.
4 electrode plus a third, lithium sink Li4Ti5O12 electrode, in a 0.2 m LiTFSI–Py24TFSI
of the interface resistance; (c) equivalent circuit.

4. Conclusion

In this paper we show that IL-based solutions, here exemplified
with a 0.2 m LiTFSI solution in Py24TFSI, have a wide anodic stabil-
ity window, i.e. extending to about 4.5 V vs. Li, while the cathodic
window is apparently limited to about 1.5 V vs. Li, probably because

of reduction of the IL cation. However, we also show that the ini-
tial decomposition results in the formation of a passivation layer on
the electrode surface which can be addressed as a solid electrolyte
interface, SEI. The SEI occurrence promotes a consistent extension
of the cathodic stability.
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P. Reale et al. / Journal of Po

Passivation with SEI formation is then a key effect in regulating
lectrode processes in IL-based solutions; it has then appeared to
s of interest to carry out a detailed interfacial study of two sample
lectrodes, both of relevant importance in the lithium ion battery
echnology, such as a Li4Ti5O12 anode and a LiFePO4 cathode, in
sample, IL-based, 0.2 m LiTiFSI–Py24TFSI solution. By impedance

nalysis carried out under different operating condition, we show
hat a SEI film forms on both electrodes. However, the SEI resistance
s low, this being a sign of low thickness, and it does not consistently
ncreases with time, this being a sign of high stability.

These favourable interfacial properties are expected to reflect in
good electrode behaviour and, accordingly, the Li4Ti5O12–LiFePO4
lectrode combination appears very promising for the development
f safe, reliable and long-lasting, IL-based lithium ion batteries.
ork is in progress in our laboratory to confirm this expectation.
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