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a b s t r a c t

Physical and electrochemical characteristics of Li-ion battery systems based on LiFePO4 cathodes and
graphite anodes with mixture electrolytes were investigated. The mixed electrolytes are based on an ionic
liquid (IL), and organic solvents used in commercial batteries. We investigated a range of compositions
to determine an optimum conductivity and non-flammability of the mixed electrolyte. This led us to
examine mixtures of ILs with the organic electrolyte usually employed in commercial Li-ion batteries, i.e.,
ethylene carbonate (EC) and diethylene carbonate (DEC). The IL electrolyte consisted of (trifluoromethyl
sulfonylimide) (TFSI) as anion and 1-ethyl-3-methyleimidazolium (EMI) as the cation. The physical and
electrochemical properties of some of these mixtures showed an improvement characteristics compared
to the constituents alone. The safety was improved with electrolyte mixtures; when IL content in the
mixture is ≥40%, no flammability is observed. A stable SEI layer was obtained on the MCMB graphite
anode in these mixed electrolytes, which is not obtained with IL containing the TFSI-anion. The high-rate
capability of LiFePO4 is similar in the organic electrolyte and the mixture with a composition of 1:1. The
interface resistance of the LiFePO4 cathode is stabilized when the IL is added to the electrolyte. A reversible
capacity of 155 mAh g−1 at C/12 is obtained with cells having at least some organic electrolyte compared

−1
to only 124 mAh g with pure IL. With increasing discharge rate, the capacity is maintained close to
that in the organic solvent up to 2 C rate. At higher rates, the results with mixture electrolytes start to
deviate from the pure organic electrolyte cell. The evaluation of the Li-ion cells; LiFePO4//Li4Ti5O12 with
organic and, 40% mixture electrolytes showed good 1st CE at 98.7 and 93.0%, respectively. The power
performance of both cell configurations is comparable up to 2 C rate. This study indicates that safety

orma
and electrochemical perf
solvents.

. Introduction

Lithium-ion batteries are at the heart of modern advances in
ortable electronic devices and are being improved and further
eveloped for a myriad of other applications, especially in hybrid
lectric vehicles (HEVs) and plug-in HEV (PHEV) [1–4]. Notwith-
tanding a recent report of their use in a commercial PHEV [5], the
eneral consensus is that further developments are needed before
heir widespread applications in HEs and PHEVs are realized. Much
esearch is being conducted to achieve lower cost, higher calendar
ife, high-power capability, and above all, improved safety.

Our previous work [6,7] showed that one promising avenue

or safer Li-ion batteries is the use of electrolytes based on room-
emperature molten salts called ionic liquids (ILs). The most
opular ILs consist of quaternary ammonium cations such as imi-
azolium, pyridinium, pyrrolidinium, sulfonium, ammonium and

∗ Corresponding author. Tel.: +1 450 652 8019; fax: +1 450 652 8424.
E-mail address: zaghib.karim@ireq.ca (K. Zaghib).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.08.056
nce of the Li-ion battery can be improved by using mixed IL and organic

© 2009 Elsevier B.V. All rights reserved.

phosphonium with anions having low Lewis basicities, such as BF4,
PF6, CF3SO3 and (CF3SO2)2N. The quaternary ammonium ions have
low melting points, compared to the inorganic salts of the same
anions, which approaches room temperature (RT). These RTILs
are known as green solvents [8] due to their advantages of non-
flammability, high electrochemical stability, low vapor pressure
and high conductivity [9,10]. Many materials have been evaluated
with IL, silicon anodes [11], and, SiOx:graphite mixtures [12,13] and
LiFePO4 [14,15].

Ionic liquids are the ultimate non-volatile solvents and show
great thermal, chemical and electrochemical stability; they exhibit
very low vapor pressure and high non-flammability – properties
that are of central importance in their use as safe electrolytes in
lithium-ion batteries [8,9,19]. The chemical structure of some ionic
liquids of interest in Li-ion batteries is shown in Fig. 1. Both anion

and cation in an IL are extremely large, with the result that charge
to radius ratio of each ion is small; this leads to low lattice energies,
weaker electrostatic bonding and lower melting points. The large
ions cause high viscosity which leads, together with low charge to
radius ratio, to low conductivity, which makes them less attractive

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:zaghib.karim@ireq.ca
dx.doi.org/10.1016/j.jpowsour.2009.08.056
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Fig. 1. Chemical formulas of ionic li

s electrolytes in batteries that need high conductivity for good
erformance [7,8].

On the anode side, ionic liquids are an attractive area of research
ue to the unstable formation of the SEI layer on graphite. Decom-
osition of ionic liquids on the graphite anode has restricted their
pplication in Li-ion batteries. Considerable effort has been focused
o improve the stability of the SEI layer. The addition of vinylene
arbonate (VC) can suppress the reduction of this IL based on TFSI
16–19].

In this work we explored ways to increase the conductivity
f battery electrolytes based on ILs but without compromising
heir stability, especially non-flammability. This led us to examine

ixtures of ILs with organic electrolytes usually employed in com-
ercial Li-ion batteries, i.e., ethylene carbonate (EC) and diethylene

arbonate (DEC); the properties of these mixtures are described
elow.

. Experimental

The ionic liquids selected in this study are based on the
FSI-anion; 1-ethyl-3-methylimidazolium-bis(fluorsulfonyl)imide
EMIm-TFSI), propyl-methyl-imidazolium-bis(fluorsulfonyl) imide
PMIm-TFSI) and hexyl-methyl-imidazolium-bis(fluorsulfonyl)
mide (HMIm-TFSI) from Hydro-Québec (Fig. 1). These ionic liquids
ontain less than 10 ppm (w/w) of moisture and less than 2 ppm
w/w) of halide and alkali metal-ion impurities. Our interest
n these ILs is with the TFSI-anion in combination with high
onductivity and lower viscosity cations such as EMI. The organic
lectrolyte that is used is ethylene carbonate/diethylcarbonate
arbonate with 2% vinylcarbonate; EC/DEC (2% VC) −1 M LiPF6
from UBE, Japan). The sources and procedures for these elec-
rolytes have been described recently [19]. Although the price of
hese electrolytes is rather high today, it will come down through

ass manufacture when and if they are extensively adopted by
he battery industry.
The in situ Scanning Electron Microscope (SEM) was used to
tudy the thermal behavior of the electrolyte using drops that were
eposited on a flat surface. A Peltier devise was used to heat the
ample, and the temperature range was precisely controlled from
20 to 180 ◦C.
and anions of interest in this study.

To evaluate the electrochemical properties of LiFePO4, natural
graphite and Li4Ti5O12 (Hydro-Québec), a stainless-steel coin type
cell was used for this study. The anode was a composite electrode
containing 5 wt.% PVDF (Kureha, Japan), 93 wt.% MCMB graphite
(1028 from Osaka Gas, Japan) and 2 wt.% VGCF (vapor growth car-
bon fiber, Showa-Denko, Japan). The cathode contained 5 wt.% PVDF
(Kureha, Japan), 89 wt.% carbon-coated LiFePO4 (Hydro-Québec),
3 wt.% carbon black and 3 wt.% VGCF. The Li4Ti5O12 was prepared
in the same manner as the LiFePO4 composite electrode. The slur-
ries were cast on copper for the graphite and on aluminum for
LiFePO4 and Li4Ti5O12 and then dried in an oven at 110 ◦C overnight.
For the cell assembly, the Celgard (3501) separator was soaked in
the electrolyte, organic solvent, ionic liquid or their mixture. The
active surface area of the electrode is 2 cm2. The cell was fabricated
in the glove box with lithium metal as the counter electrode. The
18650-cell configuration was assembled by PHET (Pihsiang Energy
Technology Co., Ltd., Taiwan). The electrochemical measurements
were performed by using a VMP-cycler (Biologic, France). The first
formation cycles were obtained at constant charge–discharge at
C/24. The electrodes were evaluated for power performance with
the C-rate test, by varying the discharge current from C/12 to 40 C.
The d.c. conductivity was measured with a model CM-30R conduc-
tivity meter (DKK-TOA Corp., Japan). The viscosity was measured
in a MCR-30 viscometer (Anton-Paar, USA).

The different compositions of mixed electrolytes were prepared
by adding 0–100% of the ionic liquid to the quaternary organic sol-
vent (see Table 1). The flammability of the electrolyte solutions was
examined by directly observing the flame on the surface of the elec-
trolytes for a couple of seconds, as shown in Photo 1 in Fig. 5. The
thermogravimetric analysis (TGA) of mixed electrolyte solutions
was carried out by using a Perkin Elmer Model TGA7 under argon
atmosphere at the rate of 1 ◦C min−1.

3. Results and discussion
3.1. Mixed electrolytes

The effect of the salt concentration on the ionic conductivity in
different ILs (EMIm-TFSI, PMIm-TFSI, HMIm-TFSI) was measured.
The high viscosity and relative low conductivity of ILs is com-
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Table 1
Viscosity, d.c. ionic conductivity and flammability as a function of % IL in
EC–DEC–VC–1 M LiPF6 electrolytes.

Ionic liquid (%) At 25 ◦C

Viscosity (Pa S) Conductivity (mS cm−1) Flammability

0% EMI-TFSI 12.1 8.50 Yes
10% EMI-TFSI 12.7 9.45 Yes
20% EMI-TFSI 13.7 9.31 Yes
30% EMI-TFSI 14.1 9.41 Yes
40% EMI-TFSI 14.9 10.09 No
50% EMI-TFSI 16.3 10.11 No
60% EMI-TFSI 17 10.45 No
70% EMI-TFSI 19.9 10.26 No
80% EMI-TFSI 24.5 10.13 No
90% EMI-TFSI 30.5 9.78 No
100% EMI-TFSI 36.3 8.61 No
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ig. 2. D.c. conductivity of ionic liquid-TFSI based electrolytes as a function of LiTFSI
alt concentration.

ounded by the fact that their conductivity decreases when a salt
e.g., LiTFSI) is added to make an electrolyte solution (Fig. 2); this
ehavior is contrary to that of conventional aqueous and non-
queous solvents. One way to overcome this difficulty is to add
ome organic solvent such as EC and DEC. Some interesting prop-
rties were observed in our studies on these mixtures, as reported
elow.

The results obtained for the viscosity of the mixed and pure elec-
rolytes at different temperatures from −20 to +80 ◦C is presented
n Fig. 3. The viscosity varies inversely with the temperature; i.e.,

s the temperature increases, the viscosity decreases. The viscosity
ecreases 30–35 times when the temperature increases from −20
o +80 ◦C for mixed and pure electrolytes, respectively. The addition
f IL in the electrolyte increases the viscosity of the mixture; before

ig. 3. Viscosity at different temperatures as a function of ionic liquid content in
C–DEC–VC–LiPF6 electrolytes.
Fig. 4. Relative variation “�” of viscosity as a function of ionic liquid content in
EC–DEC–VC–LiPF6 electrolyte.

reaching 1:1 ratio by volume, the variation is very slow which is
probably due to the dominant properties of the organic electrolyte.
Fig. 4 shows the relative variation of viscosity � (� = (Vx − V50)/V50)
of the mixtures with IL percentage, where Vx is the viscosity at x%
IL and V50 is viscosity when 50% IL is added. We can clearly observe
the effect of the IL in the organic electrolyte on the viscosity of
the mixture. A very small variation in the viscosity occurs when
the amount of IL is less than 50%, but a rapid increase of � occurs
when the IL ratio increases above 50% in the electrolyte mixture; the
same correlation is observed at all of the temperatures that were
investigated. This behavior indicates the possible unavailability of
sufficient organic solvent for the solvation of ions, leading to some
ion-pair formation as in a quasi lattice at IL concentration higher
than 60%.

To clarify the effect of ionic liquids on battery safety, flammabil-
ity tests of electrolytes with and without IL were carried out. Fig. 5
shows the photographs of a direct flame on the pure electrolytes
and their mixtures, and Table 1 summarizes these results of these
tests. The electrolyte flammability occurred with pure organic elec-
trolyte in the first second of ignition; in contrast to this behavior,
pure IL did not show any combustion even after more than 20 s of
flame exposure. As soon as IL is added in the electrolyte, the flame
exposure time increases before flammability occurs. After adding
40% IL in the electrolyte, no flammability is observed within the test
periods, ca. 25 s. This result indicates that safety can be improved
in Li-ion batteries when the % IL in the organic electrolyte is at least
40%.

The non-flammability characteristic of IL-based electrolytes,
which is crucial for the safety of batteries, is maintained in these
mixtures provided that at least 40% of the volume of the mixture
is IL (see Fig. 5 and Table 1). When the conductivity and viscosity
of the IL/EC–DEC mixtures are examined at different compositions,
very interesting trends arise (see Fig. 6). When the IL in the mix-
tures increases from 0 to around 60%, the conductivity rises as one
would expect if the “salt” (IL) concentration increases by adding it
to the conventional solvent EC–EDC. On the other hand, additions
of IL also increase the viscosity but not so steeply. Around 60% IL in
the mixture, further increases of IL lead to decreases in conductivity
because there is not sufficient organic solvent available to “solvate”
all the IL present, and conductivity approaches that of pure IL. Cor-
respondingly, and not unexpected, there is a steep rise in viscosity
of the mixtures with increasing IL fraction (Fig. 6).

A remarkable optimum composition range has been discovered
for a promising battery application when the proportion of IL in
the mixture is 40–60%, which provides the key desirable properties

of a battery electrolyte – high conductivity, low viscosity and non-
flammability (Figs. 5 and 6 and Table 1). These findings are the main
new observations of the present work.
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Fig. 5. Flammability test on different EC

The expected inverse correlation between conductivity and vis-
osity (Table 1) of the electrolytes is not followed by the mixtures
rend because the organic solvent has covalent bonding and few
ons (by auto-ionization) and hence low conductivity, whereas,
he ionic liquids are by definition full of ions, and therefore have
igher conductivity than the organic solvents. Although the vis-
osity increases when IL is added in the mixture, the conductivity
hows a maximum at 60% IL and then decreases with increasing IL
see Fig. 6 and related comments in the text above).

We also conducted in situ measurements of the evaporation
emperatures and the vapor pressure of some electrolyte mixtures
n the SEM by using a Peltier device to scan the temperature range
rom −20 to 180 ◦C. Fig. 7 shows the SEM picture of drops of IL,
rganic electrolyte and their mixture (30, 50% IL). For the pure IL
rop, no decrease in the drop size was observed up to the high-
st temperature limit of the device, 182 ◦C. On the other hand, the
rganic electrolyte starts evaporating at around 50 ◦C. When IL is
dded, the mixture drops show a strong direct relationship between
L content in the electrolyte and evaporation temperature. Hence

dding IL to the organic electrolyte increases the evaporation tem-
erature, which is related to flammability. When 30% IL is added,
he evaporation temperature increases to ∼125 ◦C, and it reaches
76 ◦C when the IL concentration is 1:1 with organic solvent. There-
ore, the evaporation temperature of the mixture is increased by

Fig. 6. Conductivity and viscosity of EC–DEC–VC–1 MLiPF6 with EMI-TFSI.
VC mixtures with EMI-TFSI electrolyte.

252% with 50% IL in the organic solvent. The rise of temperature
rate in these experiments was 2 ◦C per minute.

The thermal properties of the electrolyte are the key to battery
safety. Thermal gravimetric analysis (TGA) of the electrolytes with
IL concentrations – 0, 30, 50, 70 and 100% – is shown in Fig. 8. There
is essentially no weigh loss for the pure IL up to 350 ◦C, and less than
3% loss was measured at 350 ◦C. These results explain the thermal
stability of IL and confirm that little volatile species are released.
In contrast, the weight loss is 30% when the organic electrolyte is
heated from 25 to 100 ◦C, and 80% loss at 160 ◦C. By adding IL to the
organic electrolyte, the thermal stability of the mixed electrolyte
does not show a big improvement up to 100 ◦C. The electrolytes
with 30, 50 and 70% IL show losses of 23, 15 and 10% at 100 ◦C,
respectively. This result confirms the in situ SEM analysis where the
electrolyte drops evaporated at different stages depending on the
proportion of IL in the mixtures. Although IL improves the thermal
stability of the organic electrolyte, the mixed electrolyte does not
form a new phase. However, the initial weight loss from 25 to 100 ◦C
is attributed to the decomposition of salt and organic solvent in the
mixtures.

3.2. Anode, cathode and cell behavior

The electrochemical behavior of the Li-ion battery electrode
materials, i.e., graphite and LiFePO4, as well as Li-ion cell behavior
is described in this section.

3.2.1. Anode
For the graphite anode, we previously reported [6] that graphite

is not intercalated when pure IL based on TFSI-anion is used. Fig. 9
shows the initial charge–discharge cycles at C/24 rate of a graphite
electrode with pure and mixture electrolytes. As well-known, inter-
calation in the graphite usually occurs below 250 mV. However for
pure IL, no intercalation occurs and a low coulombic efficiency is

obtained. Also, some ex-foliation of the graphite is observed, which
may or may not be related to the reduction of IL. This contrasts
with the results we found with pure IL based on FSI anion, where
the FSI anion plays a key role to stabilize the SEI layer and a Li-
ion impermeable film [7]. When the organic solvent is added to
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poration temperature of electrolytes with different IL content.
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Fig. 7. SEM photographs from in situ SEM analysis of eva

he IL electrolyte in a ratio (1:1), a passivation SEI layer is obtained
t 800 mV, followed by intercalation compound formation. This is
ue to the decomposition of the EC solvent during reduction in
he range 800–250 mV. Hence, a more stable passivation layer is
ormed on the graphite particles. The coulombic efficiencies and
eversible capacities were found to be sensitive to the % IL that is
resent. The effect of IL content in the electrolyte on the coulombic
fficiencies (Ah. Eff.) of the graphite anode is shown in Fig. 10. The
owest 1st (Ah. Eff.) was obtained with pure IL electrolyte and the
ighest one is obtained with the pure organic electrolyte. Clearly,

he presence of IL in the organic electrolyte reduces the coulom-
ic efficiency. When the electrolyte is consists of a 1:1 ratio, the
st coulombic efficiency is 80%, the same value we obtained with
ure IL based on FSI anion [8]. Thus, we conclude that the mixture
f IL-FSI with organic electrolyte should show an improvement in

ig. 8. Thermogravimetric analysis of EC–DEC–VC–1 MLiPF6 s with different EMI-
FSI ratios.
Fig. 9. First cycle behavior of Li/EC–DEC–VC–1 MLiPF6/graphite cells with and with-
out EMI-TFSI added.
the graphite anode performance. In the second cycle, the coulombic
efficiency reaches 97% with the mixture (1:1). The other parameter
of interest here is the reversible capacity; a low reversible capacity
of 94 mAh g−1 was obtained with pure IL. This reversible capac-
ity increases with the amount of organic solvent in the electrolyte.

Fig. 10. First and second coulombic efficiencies of Li/EC–DEC–VC–1 MLiPF6/graphite
cells with electrolyte containing different EMI-TFSI ratios.
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Table 2
The first cycle electrochemical characteristics of MCMB graphite anode in
EC–DEC–VC–LiPF6/EMI-TFSI mixed electrolyte.

% IL Dis. Cap. 1st/2nd Cha. Cap. 1st/2nd Ah. Eff. 1st/2nd

100 141/94 96/79 68/84
50 311/255 250/248 80/97
30 372/314 315/312 85/99
20 388/324 337/331 87/102
10 362/306 329/302 91/99

0 362/306 316/312 92/102
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higher capacity than the pure organic electrolyte. This result may
be attributed to their higher conductivity, but still responding like
the pure organic electrolyte. In other words, the higher quantity
of salt in the mixture electrolyte during the peak power, arising
ig. 11. First cycle behavior of Li/EC–DEC–VC–1 MLiPF6/LiFePO4 cells with elec-
rolyte containing different EMI-TFSI ratios.

assivation layer formation improved with increasing amounts of
rganic electrolyte in the mixture, allowing the subsequent forma-
ion of intercalation compounds and a higher reversible capacity.
he results for efficiencies and capacities are summarized in Table 2.
he highest reversible capacity is obtained with the pure organic
olvent, followed by the mixture containing 10% IL, and decreasing
roportionately as the % IL in the electrolyte increases.

.2.2. Cathode
The salient features of the LiFePO4 cathode in these mixed elec-

rolytes are described. The first and the second cycles of LiFePO4
t C/12 rate are shown in Fig. 11. The coulombic efficiencies and
eversible capacities are given in Table 3. The 1st Ah. Eff. for pure
L is low, 82%, which is probably related to high viscosity of the
L. The low wettability of the carbon coating layer affects the
eversible capacity, which is only 123 mAh g−1. Nevertheless, the
erformance is reasonably good, independent of the IL content in

he electrolyte mixture. The cells containing the mixed electrolyte
erform well, comparable to that for the pure organic electrolyte.
hus, the IL-based electrolytes exhibit excellent behavior for cath-
de but less so for anodes.

able 3
he first cycle electrochemical characteristics of LiFePO4 cathode in organic/IL mixed
lectrolyte.

% IL Capacity (mAh g−1) Ah. Eff. (%)

Charge Disch.

100 150 123 82
50 154 153 99
30 154 154 100
20 154 152 99
10 154 154 100

0 155 156 100
Fig. 12. Rate capability of Li/EC–DEC–VC–1 MLiPF6/LiFePO4 with electrolyte con-
taining different EMI-TFSI ratios.

The high-rate performance of LiFePO4 was investigated as func-
tion of IL content (see Fig. 12). The reversible capacity at high rates
decreases with increasing IL content, more precipitously with pure
IL, perhaps due to its high viscosity and poor electrode wettabil-
ity. With highly viscous electrolytes such as pure ionic liquids,
the wettability of the carbon layer is more difficult due to its
large inaccessible (to electrolyte) surface area arising from micro-
roughness. Moreover, the high viscosity inhibits wettability of the
electrode interior of both anodes and cathodes. This is likely to be
the case because of the quasi three-dimensional fractal nature of
the electrodes, which contains not only meso-pores (easily acces-
sible by the electrolyte) but also micro-pores that limit electrolyte
accessibility. With the electrolyte mixture (1:1), the high-rate per-
formance is sharply improved and resembles the pure organic
electrolyte up to the 2 C rate, above which it starts decreasing
slightly, although it continues this trend to the 10 C rate. At rates
higher than 10 C, some departures are noticeable; the cells contain-
ing the electrolyte mixtures with 10% IL and 20% IL showed a slightly
Fig. 13. First cycle behavior of Li4Ti5O12/LiFePO4 at C/24 in electrolyte with 40 and
0% ionic liquid.
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Fig. 14. Rate capability of Li4Ti5O12/L

rom some IL in the electrolyte by increasing the salt concentration
ithout yet creating high ion-pair-interaction.

.2.3. Li-ion cell
Unfortunately, these electrolyte compositions containing

0–30% IL exhibited flammability during the flame test (Fig. 5),
ven though they are attractive because of their conductivity and
lectrochemical properties. In order to improve the battery per-
ormance without compromising safety, other mixed electrolyte
ompositions were evaluated. Thus, Li-ion cells were assembled
ith electrolyte mixture containing 40% IL with LiFePO4 and

i4Ti5O12 as the cathode and anode, respectively. Fig. 13 shows
he first cycles at C/24 of Li-ion cells with this electrolyte (40% IL)
nd an electrolyte with no IL. At C/24 rate, the cells yielded 89 and
4% coulombic efficiency in the first cycle and reversible capacity
f 115 and 128 mAh g−1, respectively. The discharge and charge
oltage plateaus are located at 1.84 V and at 1.88 V, respectively, for
he two cells. The low polarization of around 40 mV between the
harge and discharge curves reflects the high-rate performance of
hese Li-ion cells. To investigate the rate capability, we evaluated
he high-rate charge and discharge of Li-ion cells. The charge
nd discharge performance of a Li-ion cell containing electrolyte
ith 40% IL was compared to a cell with pure organic electrolyte

0% IL). The high-rate discharge of the Li-ion cells is shown in
ig. 14a. The two cells have comparable capacity up to the 2 C
ate – 119 and 109 mAh g−1, respectively, for electrolytes with
% IL and 40% IL. At rates higher than 2 C, the discharge capacity

f the cell with mixed electrolyte decreases faster than the cell
ithout IL, and the difference between capacities increases with

he rate. In contrast, the high-rate charge capability of the cell
ith the electrolyte containing 40% IL shows better performance
p to 2 C rate, and then at higher discharge rates the cell with

ig. 15. Cycle life of Li4Ti5O12/LiFePO4 18650-cell at discharge: 10 C, charge: 5 C
ith organic electrolyte.
4 with electrolyte containing 40% IL.

pure organic electrolyte has higher capacity (see Fig. 14b). In
both high-rate charge and discharge at greater than the 2 C rate,
the cell containing 40% IL shows lower performance than the
cell with pure organic electrolyte. This pattern is attributed to
the lower concentration of organic solvent molecules that are
available for ion solvation needed for high-rate charge and dis-
charge when IL is present in the electrolyte. However, the rates
are still attractive, and the safety is acceptable for many battery
applications.

One of the safest combinations for electrode materials for Li-
ion cell is LiFePO4/Li4Ti5O12. This cathode/anode configuration in
the 18650-cell using the standard organic electrolyte demonstrated
a remarkable cycling life (Fig. 15). A very stable discharge capac-
ity for discharge at 10 C and charge at 5 C was obtained for cells
with conventional electrolyte. The capacity is maintained constant
at 800 mAh for more than 20,000 cycles. This type of accelerated
aging is equivalent to 50 years of the real life of the battery. For
safe EV and HEV applications, however, this technology based on
LiFePO4 cathode and Li4Ti5O12 anode with a mixed electrolyte hav-
ing around 40% IL is an interesting subject for further development
and optimization. Although the energy density of LTO/LiFePO4 is
low (67.5 Wh kg−1 with Al anode and cathode) for vehicle appli-
cations, it is of great interest for stationary or storage applications
because of its long cycle life.

4. Conclusions

We reported in previous work that IL is a good candidate for
safer batteries, however, the performance need to be improved.
In this work, we show that mixed organic EC–DEC–1 M LiPF6 and
EMI-TFSI (IL) electrolyte can improve the performance without
compromising safety. An optimum range for the viscosity and ionic
conductivity is between 30 and 40% IL in the organic electrolyte. By
adding IL, the performance of the graphite anode was also improved
and lithium intercalation occurred successfully, despite the utiliza-
tion of IL based on TFSI-anion. This mixed electrolyte gave results
comparable to the organic electrolyte for both graphite anode and
LiFePO4 cathode. From the point of view of a safer Li-ion battery,
we evaluated a LiFePO4/Li4Ti5O12 cell with an electrolyte mixture
(40% IL) and compared it to the results in the standard organic elec-
trolyte. The results were comparable up to a 2 C rate for discharge,
and then the capacity starts to decrease slightly with the cell con-
taining IL. When the cells are evaluated at high charge rate, the

cell with the electrolyte mixture electrolyte was better below 2 C,
and then the cells exhibited the same behavior as in the previous
test. In order to make the best choice of the electrolyte composition
for use in a practical Li-ion battery, we should take into account the
flammability, conductivity and viscosity of the electrolyte. The elec-
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