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Abstract

Room temperature ionic liquid (RTIL) consisting of N-methyl-N-propylpiperidinium (PP13) cation and bis(trifluoromethanesulfonyl)imide
(TFSI) anion was synthesized and its electrochemical stability was investigated in comparison with 1-butyl-3-methylimidazolium tetrafluoroborate
(BMIBF,) and 1-butyl-3-methylimidazolium hexafluorophosphate (BMIPFs). The electrochemical window of PP13-TFSI (5.8 V versus Li/Li*)
is wider than that of BMIBF, (4.7 V) and BMIPF¢ (4.5 V). The cathodic limit of the PP13-TFSI is about —0.3 V versus Li/Li*, against 0.7 V for
BMIPF; and BMIBF,, so it may be used as the electrolyte for second lithium batteries based on lithium anode. In this work, charge efficiency
of lithium plating/striping on nickel substrate and the cycle life have been measured using 0.4 M LiTESI/PP13-TFSI electrolyte both without and
with additives such as vinyl acetate (VA), ethylene sulfite (ES), and ethylene carbonate (EC). Remarkable improvement in cycling efficiency and

cycle life was found for EC as additive.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

There has been an increasing need for lithium ion batter-
ies for the wide range of applications from cellular phones to
electric vehicles [1,2]. However, the volatility and inflammabil-
ity of electrolytes containing organic solvent are serious safety
drawbacks. In order to avoid this disadvantage of the electrolyte
solution, completely new kind of electrolyte systems should
be necessary. On the other hand, lots of attempts have been
made to utilize metallic lithium as anode material of lithium
secondary batteries, because it offers the largest possible spe-
cific energy. But so far the secondary battery based on lithium
anode does not succeed. The problems related to low lithium
cycling efficiency, dendritic morphology of deposited lithium
and safety concerns remain to be solved. It is widely believed
that these problems result from the reaction of freshly deposited
lithium with the electrolyte components [3]. Some electrolyte
additives demonstrate good function to improve the morphol-
ogy and cycling efficiency of plating lithium [4-7]. Recently,
room temperature ionic liquids (RTILs) have been extensively
studied as new solvents for electrochemical process due to the
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extremely low vapor pressure and flame resistance. The unique
properties make RTILs attractive candidates for the electrolyte
bases of a safe lithium battery. These RTILs are composed of
a cation like quaternary ammonium [8], alkylpyridinium [9],
alkylpyrrolidinium [10], alkylpyrazolium [11], and alkylimida-
zolium [12-14] combined with a variety of large anions having
a delocalized charge (PF¢~, BF4+~ and TFSI™). Some of them
show the electrochemical stability up to lithium reduction poten-
tial (<O 'V versus Li/Li™).

Sakaebe and Matsumoto proposed a novel RTIL, N-methyl-
N-propylpiperidinium bis(trifluoromethanesulfonyl)imide (so-
called: PP13-TFSI) as electrolyte base, which exhibited excel-
lent properties in Li/LiCoO; cell [15]. Recently, they reported
the charge—discharge properties of Li/LiCoO> cell using several
RTILs with different amide anions and aliphatic onium cations
and it was revealed that the structure and classification of the
anionic and cationic species greatly affect the physical proper-
ties, such as viscosity, conductivity, and electrochemical stabil-
ity, which, in turn, exert an influence on the charge and discharge
behavior of Li/LiCoO; cell [16,17]. An efficiently rechargeable
Li/LiCoO; cell battery with RTIL of N, N-diethyl-N-methyl-
N- (2-methoxyethyl) ammonium bis(trifluoromethylsulfonyl)
imide (DEMETEFESI) containing LiTFSI as electrolyte was also
reported by a different group [18]. The present results indi-
cate that the ionic liquid electrolytes have good anti-oxidation
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capability and are well compatible with LiCoO; cathode. How-
ever, it should be realized that not only cathode side, but also
anode side is important for potential application of a battery
system. Therefore, a comprehensive study on the rechargeabil-
ity of lithium plating and striping in RTIL-based electrolytes is
significant.

Following the previous studies on Li/LiCoO» cell based on
PP13-TFSI electrolyte system [15,16], we focus our research
interest in the rechargeability of lithium plating and striping in
PP13-TFSI-based electrolytes. Several additives to form good
SEI films in secondary lithium cells containing conventional
organic electrolytes [19,20] are selected to examine lithium
cycling efficiencies in 0.4 M LiTFSI/PP13-TFSI electrolyte.

2. Experimental
2.1. Preparation of RTIL electrolyte

Cations and anions used for RTILs in this study are schemat-
ically described with abbreviations in Fig. 1. N-methyl-N-
propylpiperidinium bis(trifluoromethanesulfonyl)imide (PP13-
TFSI) was prepared by stirring two aqueous solutions of PP13
(N-methyl-N-propylpiperidinium)-Br and LiTFSI (Aldrich, as
received) at room temperature for 12 h. The amount of LiTFSI
was slightly in excess versus that of PP13-Br. PP13-Br was
obtained by adding propylbromide (Aldrich, as received) to N-
methylpiperidine (Aldrich, as received) in acetonitrile at 70 °C
with stirring for 24 h. The resulting PP13-TFSI was extracted
by CH;Cl; and then the extract was washed with water, that is,
adding deionized water into the CH,Cl, solution in a separa-
tor funnel with vigorous shaking. After complete dissociation
of the water and CH,Cl; layer was confirmed, the CH,Cl, was
distilled off using evaporator. Finally, the RTIL was dried in vac-
uum at 105 °C for 24 h. Finally, the 10 wt% of LiTFSI salt was
added to the dried RTIL to form battery electrolyte. This amount
corresponds to 0.4 M LiTFSI/PP13-TFSI. The most possible
impurity in the electrolyte is bromine anion and water. The mea-
surement of Karl Fischer moisturemeter (mettler-toledo DL39,
Swiss) indicates that the water content of the electrolyte is about
16 ppm. Bromine anion was not detected by X-ray fluorescence
spectroscopy.
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Fig. 1. Schematic illustrations of cationic and anionic species used in this study
with their abbreviations.

The other two RTILs, 1-butyl-3-methylimidazolium tetraflu-
oroborate (BMIBF4) and 1-butyl-3-methylimidazolium hex-
afluorophosphate (BMIPFg) were commercially available from
Aldrich and used after drying in vacuum for 24 h. The chemical
structure and some of the physiochemical properties of additives
used in this paper are listed in Fig. 2. All of these additives were
commercially available from Aldrich and used without further
purification.

2.2. Electrochemical measurements

Electrochemical windows of the neat RTILs were measured
by linear potential sweep technique. The linear sweep voltamme-
try (LSV) was performed in three-electrode cells inside an argon-
filled glove box (MBRAUN) containing less than 5 ppm each of
oxygen and water at room temperature. The working electrode
was platinum disk (geometric area=3.14 x 10~2 cm?), lithium
as both counter and reference electrode.

Redox character of lithium in LiTFSI/PP13-TFSI was exam-
ined using cyclic voltammogramms (CVs). It was also con-
ducted in three-electrode cells inside argon-filled glove box
at room temperature. The working electrode was nickel piece
(surface area 0.1 cm?), lithium as both counter and reference
electrode. The Ni electrode was polished with alumina paste
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Fig. 2. Chemical structure and physiochemical properties of additives used in this paper.
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(d=0.1 pm). Then the polished electrode was washed with
deionized water and dried under vacuum.

Li/LiCoO; coin cell was used to examine the feasibility of
ionic liquid electrolyte for rechargeable lithium battery. LiCoO»
electrode was fabricated by spreading the mixture of LiCoO»,
acetylene black and PVDF (initially dissolved in N-methyl-
2-pyrrolidone) with a weight ratio of 85:7:8 onto Al current
collector. The cells were charged and discharged between 4.5
and 2.5V versus the Li counter electrode at a constant current
density of 0.05 mA cm~2.

Lithium cycling efficiencies using Li/Ni coin cell containing
LiTFSI/PP13-TFSI with and without additives were checked
by a galvanostatic plating—striping technique. The test elec-
trode (area 0.1 cm?) was a Ni piece polished with alumina paste
(d=0.1 wm); the counter electrode was a Li sheet. The current
density for the cycling was 0.5 mA cm™2, and the charge of Li
plated in each cycle was 1.8 Ccm™2. The cut-off potential for
the discharge was 1.0V versus Li/Li*. The rest time between
stripping and plating was 3 min.

Cycle life of the Li electrode was also evaluated using the
above test cell. Lithium was plated on the Ni substrate with
a charge of 9Ccm™2 at the beginning followed by the Li
discharge—charge cycles with a constant stripping/plating charge
of 0.9 C cm™2. This procedure means that the depth of discharge
(DOD) is 10%. The current density for the initial plating and
followed cycling was 0.5mA cm™2. The cycle life of the test
electrode was evaluated from valid cycle number until the cycle
termination, which means that the active Li metal no longer
remains on the Ni substrate. As to a practical operation for
the termination, each test finished when the discharging volt-
age reached to 0.3V versus Li. The mean cycling efficiency
(Em) can be calculated from valid cycle number by using the
following equation [3]:

En=I[1- (Qp - Qs)/(QsN)] x 100%

where Q, is the charge of Li at the initial Li plating (9 C cm™2),
Qs is the stripping/plating charge in the subsequent cycles
0.9C cm_z), and N is the valid cycle number.

3. Result and discussion
3.1. Electrochemical windows of ionic liquids

Fig. 3 shows linear sweep voltammograms of three dif-
ferent ionic liquids. The anodic potential of PP13-TFSI is
about 5.5V versus Li/Li*, a little higher than that of the
other two RTILs. A good cathodic stability is seen only for
the PP13-TFSI. The cathodic limit potential (E¢) of BMIPF¢
and BMIBF, (both at about 0.7V versus Li/Li*) is higher
than that of the PP13-TFSI (—0.3 V). Because the decompo-
sition potential of BMIPFg and BMIBF; is higher than lithium
plating one, these two RTILs could not be used as the elec-
trolytes of the lithium battery using lithium metal or car-
bon as the anode material. However, the E of PP13-TFSI
is lower than lithium redox potential and the electrochemi-
cal window can reach 5.8 V. It could be expected that PP13-
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Fig. 3. LSV for three different neat ionic liquids at 20 °C (—1 to 6 V vs. Li/Li*).
Working electrode: Pt, counter electrode and reference electrode: Li. Scan rate:
10mVs~!.

TESI could work as electrolyte base in the lithium battery
system.

3.2. Redox character of lithium in LiTFSI/PP13-TFSI

The cyclic voltammogramm of LiTFSI/PP13-TFSI is shown
in Fig. 4. The plating of metallic lithium on Ni substrate can be
clearly observed at —0.25V versus Li/Li*. The anodic peak at
about 0.25 V in the returning scan corresponds to the stripping of
lithium. The process presents a typical of overpotential-driven
nucleation/growth current loop [21]. This nucleation loop indi-
cates that the electroplating of Li on the Ni electrode during
the forward scan requires overpotential in order to initiate the
nucleation and subsequent growth of the Li.

Many researchers have studied electrochemical lithium plat-
ing and striping on inert metal electrodes in non-aqueous elec-
trolyte solutions and checked the influence of residual water
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Fig. 4. CVs for ionic liquid electrolyte (LiTFSI/PP13-TFSI) at 20°C (—0.5
to 3.0V vs. Li/Li*). Working electrode: Ni, counter electrode and reference
electrode: Li. Scan rate: 10mVs~!.
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Fig. 5. Charge—discharge curves of Li/LiCoO; coin cell in 0.4 M LiTFSI/PP13-
TFESI at 0.05 mA cm™2 with voltage cut-off of 2.5-4.5 V.

and O3 in the electrolytes [22-26]. Most of them reported that
dissolved oxygen is reduced at around 2.0 V, and reduction of
H;O occurs in the range 1.0-1.5 V. The couple of the cathodic
peak at 0.3 V and the anodic peak at 1.0 V have been generally
assigned to underpotential deposition and stripping (UPD and
UPS) of lithium on Ni [27,28] and Cu [28], respectively. The
voltammograms show two peaks at about 0.9 and 0.3 V except
for the lithium plating at —0.25V in the first cathode sweep.
The noticeable peaks above 1.0V corresponding to reduction
of O; and H,O are not observed. The cathodic peak at 0.3V is
attributable to the lithium UPD and the peak at 0.9V may be
assigned to the reductive decomposition of the electrolyte solu-
tion. In the second cycle, the peak at 0.9 V disappeared and the
cathodic residual current below 1.0V decreased significantly,
suggesting that decomposition of the electrolyte is suppressed
but cannot be avoided. The redox character turns to be stable
after the initial two cycles.

3.3. Cycle performance of LiCoO/Li coin cell

Sakaebe et al. have investigated charge and discharge behav-
ior of the cell Li/LiTFSI in PP13-TFSI/LiCoQO, with cut-off of
3.2-4.2V and affirmed the compatibility of LiCoO, cathode
with LiTFSI/PP13-TFSI electrolyte [15,16]. Here we further
enhance voltage upper-limit to 4.5V to check the recharge-
ability of LiCoO» in the electrolyte. As shown in Fig. 5, the
charge and discharge characteristics of the cell are equivalent to
the half-cell test using the conventional organic electrolyte. The
cell has the initial charge capacity of 166 mAh g~ followed by
reversible discharge capacity of 152 mAh g~! based on LiCoO»
cathode material, corresponding to charge efficiency of 91.6%.
The charge efficiency reaches more than 99.5% after the ini-
tial few cycles, while the capacity is stabilized at 150mAhg~!.
An increase of the charge efficiency is associated with improved
interfacial property between LiCoO, cathode and the electrolyte
during charge—discharge cycles. The reversible cycling behavior
also indicates that the PP13-TFSI electrolyte system has excel-
lent anti-oxidation capability.
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Fig. 6. Typical chronopotentiograms for plating, relaxation and stripping of
lithium on nickel substrates in 0.4 M LiTFSI/PP13-TFSI without additive and
with 5wt% VA, ES or EC. The amount of lithium plating was 1.8 Ccm™2 and
current density for plating and stripping was 0.5 mA cm™2,

3.4. Lithium cycling behaviors

Fig. 6 shows typical voltage profiles for electroplating and
stripping of lithium on nickel substrate in 0.4 M LiTFSI/PP13-
TFSI and in additive-containing solutions. Lithium plating in
the coin cells is controlled by a fixed time period, i.e. fixed
charge amount (1.8Ccm™2) at constant current density of
0.5 mA cm™2. Stripping of lithium is controlled by a fixed volt-
age limit of 1.0 V. For the electrolyte without additive and with
5 wt% EC, aninitial overvoltage peak is detected at the beginning
of each plating cycle, representing the nucleation overvoltage.
Then, it is followed by a region of constant voltage under a con-
stant current density, corresponding to a stable plating progress.
On reversal of current, almost constant voltage is kept for the
most of the second half-cycle, especially for using EC as the
additive. By the end of lithium striping, the voltage rises rapidly,
indicating the entire consummation of deposited lithium. When
using vinyl acetate (VA) as additive, the voltage polarization
for lithium plating/stripping is larger, and the voltage could not
maintain constant. This may be contributed to the different com-
position and structure of the SEI film [20].

Fig. 7 shows the efficiency of lithium cycling versus cycle
number in different electrolytes. Common features in all the
plots are an enhancement of the efficiency with cycle number in
the early stages, possibly due to the removal of reactive impuri-
ties from the electrolytes and the formation of surface SEI film
[29]. After over 10 cycles, the efficiency for lithium plating and
striping turns to be steady. Without additives, the steady cycling
efficiency is around 60%. The poor cycling performance appears
unmatchable to the wide electrochemical window of PP13-TFSI.
Besides difference in the electrochemical conditions, the cell
structure, especially the inner pressure, may have some influence
on lithium cycling [3]. In our tests, the electrochemical window
was measured using three-electrode system without inner pres-
sure, while cycling behavior was checked using coin cells with
inner pressure. Moreover, it should be realized that the trace
amount of impurity in the electrolyte could affect the lithium
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Fig. 7. Cycling efficiencies for plating and striping of lithium on nickel sub-
strates in different electrolytes.

cycling efficiency. But for the electrochemical window mea-
surement using linear sweep voltammogram, influence of the
impurity may be not so sensitive.

As shown in Fig. 7, more or less improvement in cycling
efficiency is obtained in the presence of additives. Additive
ethylene sulfite (ES) appears to give a slight improvement
at initial 30 cycles, then the efficiency can maintain around
80% until the test is terminated at cycle 100. The cycling effi-
ciency using VA as the additive can shortly reach 85% after
10 cycles. But after 60 cycles, the efficiency rapidly drops and
the cycling can no longer continue. The best result is related
to additive EC with efficiencies around 92% during the steady
cycling. On the other hand, a big fluctuation of the efficiency
was observed in normal organic electrolyte, which may arise
from instable interfacial phenomenon, such as irregular forma-
tion and destruction of lithium dendrites, non-uniform surface
passivation.

In comparison with the above 100% DOD test, lithium
cycling with 10% DOD was further checked in selected elec-
trolytes. The ionic liquid electrolytes without additive and with
ES additive are excluded due to the poor result in Fig. 7. The
detailed procedure of 10% DOD test is described in Section
2. Fig. 8 exhibits the voltage change during lithium cycling in
0.4 M LiTFSI/PP13-TFSI with 5 wt% VA or EC and in organic
electrolyte of 1.0 M LiPFs/EC + DMC (1:1). In the present pro-
cedure, an abrupt increase in the discharge voltage until 0.3V
means the termination of the valid cycling. Using the organic
electrolyte, 52 cycles are obtained corresponding to a mean effi-
ciency (En; see the equation in Section 2) of 82.7%. Using 0.4 M
LiTFSI/PP13-TFSI containing 5 wt% EC, 88 cycles are reached
with an Ey, of 89.8%. The latter presents obvious advantage for
lithium cycling. On the other hand, it is noticeable that 10%
DOD appears worse than 100% DOD in view of the efficiency
and valid cycle number. This may be, at least in part, caused by
self-discharge of loaded lithium during the rest time and accu-
mulative surface passivation.
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Fig. 8. Voltage changes of Li plating (below 0V) and stripping (over 0V)
with cycling in 0.4 M LiTESI/PP13-TFSI electrolyte containing additives and
in organic electrolyte (The voltage means maximal one during the half-cycle).
Both plating and stripping were carried out at 0.5 mA cm™2.

4. Conclusions

PP13-TFSI was synthesized and studied for the use as elec-
trolyte base of rechargeable lithium batteries based on lithium
anode, in comparison with commercialized room temperature
ionic liquids. The electrochemical measurements indicate that
the PP13-TFSI has a wide potential-stable window (>5.5 V). Itis
well compatible with LiCoO; cathode and more anti-reductive
(the decomposition potential: ca. —0.3V versus Li/Li*) than
BMIPFq and BMIBF,. The electrochemical cycling reversibil-
ity of lithium plating and striping on Ni substrate is, however,
poor using coin cell containing 0.4 M Li-TFSI/PP13-TFSI elec-
trolyte, partly due to reactive impurities and the cell structure.
A great improvement can be achieved by adding small amount
of ethylene carbonate (EC) into the electrolyte. Lithium cycling
with 100% DOD shows a stable efficiency of 90-92% after 10
cycles in the above electrolyte containing 5 wt% EC, against
strong fluctuation of the efficiency in 1.0 M LiPFs/EC + DMC
(1:1). 10% DOD test also supports the advantage of the ionic
liquid electrolyte against the normal organic one for lithium
cycling. Nevertheless, for the potential application of the RTILs,
more investigation should be done, such as checking morphol-
ogy change during cycling and further enhancing the charge
efficiency, especially during the initial cycles.
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