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Bis(oxlate)borate anion (BOB~) has high reduction potential for 1-ethyl-3-methyl-imdazolium tetrafluo-
roborate (EMIBF,) and forms solid electrolyte interface (SEI) on lithium (Li) metal surface. The addition of
BOB~ may make possible the use of EMIBF, for Li metal battery. The electrochemical properties of ionic
liquids containing EMIBF, were analyzed. We investigated the stability of LIBOB/EMIBF4 and LiBF4/EMIBF,4
electrolyte for Li metal and the performance of Li/MnO; batteries with the electrolytes by 'H NMR, ac
impedance spectra and the electrochemical method. From the 'H NMR spectra, LIBOB/EMIBF, was stable
for Li metal and LiBF4/EMIBF, was reduced on the surface of Li metal. The discharge capacity of MnO,
cathode with LiBOB/EMIBF4 was 235 mAh g~!. Li metal plating and stripping and Li-Al alloying reaction
were reversible in LiBOB/EMIBF,. Charge-discharge reaction of Li-Al alloy in LiBOB/EMIBF4 had a high
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Lithium bis(oxlate)borate coulomb efficiency. The coulomb efficiency at 1st cycle was 86% and the efficiency at 5th cycle was up to
Li battery 94%.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Room-temperature ionic liquids (RTILs) consisting of organic
cation and inorganic anion are a focus of keen interest since they
are promising electrolytes for electrochemical devices owing to
their highly flame-resistant properties, negligible vapor pressure
and high thermal stability. Much effort has been devoted to improv-
ing safety for lithium (Li) batteries. The high flame resistance and
negligible vapor pressure of RTILs makes them attractive candi-
dates for safe Li-battery electrolytes. Properties of several ionic
liquids, namely imidazolium salt [1-5], ammonium salt [6-8],
piperidinium salt [8] and pyrrolidinium salt [9,10] were investi-
gated as safer electrolytes for Li batteries.

Some RTILs have problems of low ionic conductivity and/or a
narrow electrochemical window. 1-Ethyl-3-methyl-imidazolium
tetrafluoroborate (EMIBF4) has a high ionic conductivity of
13.0mScm~! at 25°C, which is comparable to those of organic
solvent electrolytes. In addition, the viscosity of EMIBF, is low.
Therefore, EMIBF, is expected to be a good electrolyte for Li bat-
teries. However, EMIBF,4 has not been practically used as a Li metal
battery electrolyte, because of its narrow electrochemical window.
The reduction potential of EMIBF, is around 1V versus Li/Li*. Thus,
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EMIBF4 decomposes on the surface of Li metal that is the negative
electrode used for Li metal batteries.

Some reduction films such as solid electrolyte interface (SEI)
prevent the decomposition of EMIBF, [11]. The ionic liquid elec-
trolyte is prepared in order to dissolve Li salt in ionic liquids. Li salt
that has a reduction potential of above 1V versus Li/Li* may result
in the formation of reduction film and prevent the decomposition of
EMIBF,. Lithium bis(oxlate)borate (LiBOB) has a reduction poten-
tial of 1.75 Vversus Li/Li* [12] and it has been reported to form SEI at
the anode [13,14]. Thus, we have taken note of the addition of LiIBOB
as the Li salt for ionic liquid electrolyte containing EMIBF,. We
investigated the electrochemical property of LiBOB/EMIBF, and the
stability of LIBOB/EMIBF, with Li metal. Furthermore, we evaluated
the Li battery with EMIBF, containing LiBOB.

2. Experimental

Ionicliquids containing EMIBF4 were prepared in order to inves-
tigate electrochemical properties of ionic liquid electrolyte. LIBOB
and LiBF4 were dissolved in EMIBF, to get a 1-M ionic liquid elec-
trolyte separately. Mixed Li salt with different composition of LiIBOB
and LiBF4 were dissolved in EMIBF, to get a 1-M ionic liquid elec-
trolyte. These samples were stirred for 12 h at room temperature.
Li salts were completely dissolved in EMIBF,. Li salts and EMIBF,4
(Li-battery grade) were obtained from Tomiyama Pure Chemical
Industries Ltd. We prepared conventional organic solvent elec-
trolyte, 1M LiClO4, in a mixed solvent of propylene carbonate
(PC) and 1,2-dimethoxyethane (DME) with 50:50 vol.% (Li-battery
grade, Tomiyama Pure Chemical Industries Ltd.).
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The cathodic behavior of ionic liquid electrolyte was mea-
sured by linear sweep voltammetry (LSV). LSV was performed
using a potentiogalvanostat (Solartron, SI1287) equipped with a
three-electrode cell (working electrode: platinum microelectrode
(1.6 mm, &), counter electrode: platinum wire, and reference elec-
trode: Ag/Ag").

The ionic conductivity of ionic liquid electrolyte was measured
by a conductivity meter (Toa Electronics, CM-50S/CGT-551B).

Two different state of ionic liquid electrolyte containing EMIBF,4
were prepared. One state is as prepared. The other is after storing
for 12h at room temperature with Li metal. lonic liquids elec-
trolyte (0.1-0.2 ml) was stored with Li metal 20 mm in diameter
and 0.15 mm in thickness. The stability of ionic liquid electrolyte to
Li metal is well understood by comparing 'H NMR spectra of the
two electrolytes.

TH NMR spectra were obtained with a JEOL GSX FT-NMR
spectrometer. Dimethyl sulfoxide-d6 (DMSO-d6) was used as the
external standard and sealed into a capillary.

The fabrication process of Li/MnO, cell is as follows. Manganese
dioxide (MnO;) (TOSOH Corporation) mixture was used as positive
electrode. 83 wt.% of MnO, as positive-electrode active material,
10wt.% of acetylene black and 5wt.% of graphite as conductive
agent and 2 wt.% of polytetrafluoroethylene as binder were mixed,
and then pressed and formed in film to prepare a positive-electrode
mixture. Li metal foil was used as a negative electrode. Polyester
membrane (NIPPON KODOSHI Corporation) including ionic liquid
electrolyte was used as a separator. The thickness of the polyester
membrane is 50 wm and the porosity is 65%. The negative electrode
on a nickel mesh collector, the separator, and the positive electrode
on a SUS mesh collector were stacked. These stacks were placed
in the negative-electrode SUS container. In succession, a metal
positive-electrode SUS container was fixed to a negative-electrode
SUS container by means of an insulating gasket, thereby assembling
a coin battery 20 mm in diameter and 1.6 mm in thickness.

The time dependence of Li/MnO, cell resistance at 20°C was
determined by the ac impedance method using a Solartron electro-
chemical interface model 1286 connected to a frequency-response
analyzer model 1255.

The Li/MnO, cells discharged at a constant current with a
current density of 0.1 mAcm~2 or 0.5mAcm~2 until the battery
voltage reached 2V at 20°C.

The cyclic voltammetry was performed using the potentio-
galvanostat (Solartron, SI1287). A three-electrode test cell was
assembled using nickel or aluminum as the working electrode and
Li as the counter and reference electrodes.

The charge and discharge curves of 1-M LiBOB/EMIBF, were
measured by potentiogalvanostat (Solartron, SI1287) equipped
with a three-electrode cell (working electrode: nickel or aluminum
plate, counter electrode: platinum plate, and reference electrode: Li
metal). The three-electrode cell charged at a constant current with
a current density of 0.025 mA cm~2 for 20 min, and discharged at a
constant current with a current density of 0.025 mA cm~2 until the
cell voltage reached 2V at 20°C.

3. Results and discussion
3.1. Electrochemical behavior of ionic liquid electrolyte

The LSV experiment results for 1-M LiBOB/EMIBF, and 1-M
LiBF4/EMIBF4 on the platinum electrode are shown in Fig. 1. The
potential of working electrode was swept in the negative direc-
tion from open circuit voltage of the three-electrode cell. The
cathodic current at around —2.0V versus Ag/Ag* appears for 1-
M LiBOB/EMIBF,4 and 1-M LiBF4/EMIBF, electrolytes. This cathodic
current corresponds to reduction of EMI* cation. The reduction
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Fig. 1. Linear sweep voltammograms of 1-M LiBOB/EMIBF, and 1-M LiBF4/EMIBF4
at a scan rate of 5mV s~ at 20 °C. Working and counter electrodes are Pt, reference
electrode is Ag/Ag"*.

potential of BF4~ anion is lower than that of EMI* cation [15].
The cathodic current at around —1.3V versus Ag/Ag* for 1-M
LiBOB/EMIBF, electrolyte corresponds to the decomposition of
BOB~ anion. BOB~ anion is reduced at around 1.7V versus Li/Li*
[12]. The potential of 1.7V versus Li/Li* agrees with that of —1.3V
versus Ag/Ag*. Fig. 1 also shows that BOB~ anion is reduced prior
to the decomposition of EMI* cation in 1-M LiBOB/EMIBE,.

3.2. Ionic conductivity of ionic liquid electrolyte

Temperature dependence of the ionic conductivity of imida-
zolium ionic liquid electrolyte containing different amounts of
LiBF4 and LiBOB is shown in Fig. 2. The concentration of Li salt
in EMIBF, is 1 M. The content ratio of LiBOB/LiBF4 changes in the
order: 1/0, 1/1, 1/3 and 0/1. The ionic conductivity of pure EMIBF4
is also shown in comparison with Fig. 2.

At 30°C, the conductivities of the 1-M LiBOB/EMIBF, and 1-
M LiBF4/EMIBF, are 4.5 and 10.1 mScm™!, respectively. The ionic
conductivity decreases with an increase in LiBOB concentration.
This reason is explained by the strong van der Waals inter-
actions operated between imidazolium cation and orthoborate
anion. In this experiment, the strong van der Waals interactions
operated between EMI* cation and BOB~ anion. Similar behavior
was found for ionic liquids with 1-buthyl-3-methyl-imidazolium
cation (BMI*) by Xu et al. [16]. The Arrhenius activation energy
calculated from the linear region in Fig. 2 is listed in Table 1.
The increase in activation energy with LiBOB concentration in
the low-temperature region is much stronger than that in the
high-temperature region. The increase in activation energy means
that ionic mobility decreases. In the low-temperature region, the

2.0
151
T 10}
_e
% g,
E osp N
5 ® EMIEF, Swl s
@ 0.0  A1MLIBF,/EMBF, ~
- O 0.25 M LIBOB + 0.75 M LiBF, / EMIBF, =
0.5 | ®05MLIBOB + 0.5 M LiBF, / EMIBF,
E 001 M LIBOB / EMIBF,
-1.0 . k A
28 3.0 3.2 34 3.6 3.8

1000/T [K]

Fig. 2. Temperature dependence of ionic conductivity of ionic liquid electrolyte.
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Table 1
Activation energy of ionic conductivity of 1-M (LiBF4 + LiBOB)/EMIBF,.

LiBOB concentration [M] Activation energy [k] mol~1]

48-80°C 0-30°C
0.00 21.7 29.6
0.25 23.1 31.6
0.50 25.2 37.3
1.00 28.6 45.6

decrease in ionic mobility is caused by the increase in ionic liquid
electrolyte viscosity.

3.3. "H NMR spectra of ionic liquid electrolyte

We investigated the stability of ionic liquid electrolyte for Li
metal by "H NMR. Fig. 3 a and b shows the 'H NMR spectra of 1-M
LiBOB/EMIBF4 and 'H NMR spectra of 1-M LiBOB/EMIBF, stored
with Li metal. Fig. 4a and b shows the 'H NMR spectra of 1-M
LiBF4/EMIBF4 and 'H NMR spectra of 1-M LiBF,4/EMIBF, stored with
Li metal.

Peaks of 8.9, 7.6, 4.2, 3.8 and 1.3 ppm in Fig. 3a are assigned to
proton of EMIBF,. These spectra indicate EMI* cation framework.
TH NMR spectrum of 1-M LiBOB/EMIBF, with Li metal and that
of 1-M LiBOB/EMIBF, as prepared are unchanged. However, some
new peaks appear in a 'H NMR spectrum of 1-M LiBF4/EMIBF4 with
Li metal. These new peaks indicate decomposition of EMI* cation.
After 12 h storage with Li metal, 1-M LiBOB/EMIBF,4 remains trans-
parent and clear. 1-M LiBF4/EMIBF, changed to yellowish brown.
These results show that EMI* cation is stable for Li metal in 1-M
LiBOB/EMIBF,, but EMI* cation is decomposed by Li metal in 1-M
LiBF4/EMIBF4. In 1-M LiBOB/EMIBF,, SEI may be formed on Li metal
surface. The film prevents the decomposition of EMIBFj.
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Fig. 3. 'H NMR spectra of: (a) 1-M LiBOB/EMIBF, and (b) 1-M LiBOB/EMIBF,.
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Fig.4. 'H NMR spectra of: (a) 1-M LiBF4/EMIBF4 and (b) 1-M LiBF4/EMIBF, storage
with Li metal for 12 h.

Peaks of 5.4, 2.6, 2.5, 2.4 and 0.9 ppm in Fig. 4a indicate the
reduction product of EMI* cation. Peak of 5.4 ppm shows olefin pro-
ton peaks. Appearances of these peaks indicate disappearance of
aromaticity. We conjecture dimerization of EMI* cation from dis-
appearance of aromaticity. The reduction product of EMI* cation
would be the structural formula shown in Fig. 4b.

Xiao and Jhonson have reported the electrolysis of 1-buthyl-
3-methyl-imidazolium tetrafluoroborate (BMIBF,) [17]. This paper
has reported that BMIBF, is reduced at the cathode, and then BMI*
cation undergoes dimerization.

3.4. Li/MnO, cell with the ionic liquid electrolyte

Li/MnO, cell resistances were analyzed by the ac impedance
method at a frequency of from 0.1 Hz to 1 MHz. Fig. 5a shows the
time dependence of Li/MnO, cell with 1-M LiBOB/EMIBF, resis-
tance. Fig. 5b shows the time dependence of Li/MnO, cell with 1-M
LiBF4/EMIBF, resistance.

The resistance of the cell with 1-M LiBOB/EMIBF, maintains a
constant value during prolonged storage time. 1-M LiBOB/EMIBF,
is stable in Li/MnO, cell. The reduction films such as SEI are formed
on Li metal surface by the reduction of BOB~ anion.

On the other hand, the resistance of the cell with 1-M
LiBF4/EMIBF, increases gradually during prolonged storage time.
The cross-sectional part of the semicircle at high-frequency region
corresponds to the resistance of electrolyte. The increase in resis-
tance of electrolyte means the ionic conductivity of electrolyte
decreases. The decrease in the ionic conductivity is caused by EMI
dimer that inhibits ion transfer in electrolyte. The increase in elec-
trolyte resistance of the cell with 1-M LiBF4/EMIBF,4 suggests that
EMI* cation is reduced by Li and EMI* cation undergoes dimeriza-
tion.
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Fig. 5. The time dependence of Li/MnO; cell resistance with (a) 1-M LiBOB/EMIBF,4 and (b) 1-M LiBF4/EMIBF, at 25°C.

Discharge curves of Li/MnO, cells with 1-M LiBOB/EMIBFy,
1-M LiBF4/EMIBF; and conventional organic electrolyte 1-M
LiClO4/PC:DME(1:1) at 20°C are shown in Fig. 6. The current den-
sity is 0.1 mAcm~2. The discharge capacity of the Li/MnO, cell
with LiBOB/EMIBF, is 235 mAhg-1. The capacity of the cell with
1-M LiBOB/EMIBF, is comparable to that of the cell with 1-M
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Fig. 6. Discharge curves of Li/MnO; coin cells. Current density: 0.1 mA cm~2, tem-
perature: 20°C.
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Fig. 7. Discharge curves of Li/MnO; coin cells. Current density: 0.5 mAcm~2, tem-
perature: 20°C.

LiClO4/PC:DME (1:1). We confirm that the addition of LiBOB for
EMIBF, as Li salt makes possible the use of EMIBF, for Li/MnO,
cell. The discharge capacity of the cell with 1-M LiBF4/EMIBF, is
only 10mAh g-1. This small discharge capacity means EMI* cation
is decomposed in the cell with 1-M LiBF4/EMIBF,.

We evaluated the high-rate discharge characteristics of Li/MnO,
cells with the ionic liquid electrolyte (1-M LiBOB/EMIBF,,
0.5-M LiBF4+0.5-M LiBOB/EMIBF,, and 0.75-M LiBF4+0.25-M
LiBOB/EMIBF,4) and organic electrolyte (1-M LiClO4/PC:DME (1:1)).
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Fig. 8. Cyclic voltammograms of 1-M LiBOB/EMIBF, at a scan rate of 5mVs-! at

20°C. Working electrode are (a) Ni, (b) Al, and reference and counter electrode are
Li.
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Fig. 9. Charge and discharge curves for Li on Al and Ni substrate in 1-M
LiBOB/EMIBF4. W.E.: (a) Al and (b) Ni; C.E.: Pt; R.E.: Li; charge time: 20 min, current
density: 0.025 mA cm~2, and temperature: 20°C.

The cell has a current density of 0.5 mA cm~2. The discharge curves
at 20°C and 0.5mAcm~2 are shown in Fig. 7. The cell with 0.75-
M LiBF4 +0.25-M LiBOB/EMIBF, has the largest capacity among the
cells with ionic liquid electrolyte. The addition of LiBF, is effective
to improve the high-rate capability of the Li/MnO, cell. However,
the discharge capacity and the discharge voltage of the cell with
ionic liquid electrolyte are lower than those of the conventional
cell. Further improvement of these features is required.

The discharge potential is decided by the relationship among
polarization potential (1), open circuit potential (®@g), discharge
potential (@), discharge current (I) and internal resistance (R). The
relationship is expressed as the following equation [18]:

D =Py—(n+IR) (1)

As shown in Fig. 7, the cells with ionic liquid electrolyte have
large internal resistance. The addition of LiBF4 to LiBOB/EMIBF,
improves the large polarization of the Li/MnO, cell.

3.5. Investigation of LIBOB/EMIBF, for Li secondary battery
Cyclic voltammograms for 1-M LiBOB/EMIBF4 on the nickel and

aluminum electrode are shown in Fig. 8. The voltammograms in
Fig. 8a shows Li metal plating/stripping and that in Fig. 8b show

Li-Al alloying reaction in LiBOB/EMIBF,. These voltammograms
indicate that Li metal plating/stripping and Li-Al alloying reaction
are reversible in LiBOB/EMIBF,4. The working electrode of Ni or Al
without surface treatment was used. So, the passive film on the Ni or
Al may suppress the reduction of BOB~ anion. Hence, the reduction
current at ca. 1.7 V versus Li/Li* was very small in Fig. 8.

Charge-discharge curves for Li in LIBOB/EMIBF,4 are shown in
Fig. 9. From the result of charge-discharge curves in Fig. 9a, Li-Al
alloying reaction in LiBOB/EMIBF4 has high coulomb efficiency
with low over-potential. Though 1st charge and discharge effi-
ciency is 86%, 5th efficiency is up to 94%. Li-Al alloy is stable in
LiBOB/EMIBF,. Li metal plating/stripping reaction in LIBOB/EMIBF,4
has low coulomb efficiency with large over-potential as shown
in Fig. 9b. 1st charge and discharge efficiency is 28% and that
of the 5th is 62%. The naked Li metal by Li metal electrodeposi-
tion reacts with LiBOB/EMIBF,. These results indicate that Li-Al
alloying reaction is possible in LIBOB/EMIBF,4 and suggest the pos-
sibility of applying LiBOB/EMIBF, electrolytes for Li secondary
battery.

4. Conclusion

We confirmed that it is possible to use LIBOB/EMIBF, as the elec-
trolyte for Li/MnO, cell. The addition of LiBOB to EMIBF, restrained
the reaction of Li metal with EMI* cation. The cell impedance
with LiBF4/EMIBEF, increased gradually owing to the reaction of Li
metal with EMI* cation. The LiBOB/EMIBF,4 was stable for Li metal.
The Li/MnO, cell with LiBOB/EMIBF, showed a large discharge
capacity of 235mAhg-! at 20°C. Li metal plating and strip-
ping and Li-Al alloying reaction were reversible in LiBOB/EMIBF,.
Charge-discharge reaction of Li-Al alloy in LiBOB/EMIBF4 had a
high coulomb efficiency. The LiBOB/EMIBF, was also a promising
electrolyte for rechargeable Li batteries using Li alloy anode.
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