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bstract
This paper describes a low temperature electrolyte system for lithium-ion rechargeable batteries. The electrolyte exhibits high ionic conductivity,
ood electrochemical stability and no exothermic reaction in the presence of lithium metal. The system features a low lattice energy lithium salt
n a specific mixture of carbonate solvents and a novel thermal runaway inhibitor.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Electrolyte systems for lithium-ion batteries consist of two
omponents. Organic solvent: ethylene carbonate (EC) is the key
olvent because of its low cost, good electrochemical stability,
nd high dielectric constant, which permits better ionic disso-
iation of the salt and improved ionic conductivity. Dimethyl
arbonate (DMC), commonly known as thinning solvent, is
lso used with EC (typically, 1:1 ratio) to reduce viscosity and
ncrease wettability of the electrolytes with cell components,
uch as electrodes and separator. Lithium-ion source: LiPF6 has
een the preferred salt because it dissolves readily in carbonates
nd its cost is lower than lithium salts of strong organic acids,
.g., CF3SO3Li and lithium bis(trifluoromethylsulfonyl)imide
LiTFSI, (CF3SO2)2NLi]. A liquid electrolyte composed of EC,
MC, and LiPF6 exhibits conductivity greater than 10−3 S cm−1

t room temperature [1–3]. A shortcoming of this system is

he sharp reduction in conductivity at temperatures below about

10 ◦C, due to freezing. This situation can be obviated to some
egree by adding a variety of thinning solvents, but conductivity
s markedly reduced, due primarily to lowering of the dielectric
onstant of the electrolyte.

∗ Corresponding author. Tel.: +1 312 567 3446; fax: +1 312 567 3436.
E-mail address: mandal@iit.edu (B.K. Mandal).
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Military and space applications often require operations over
broad temperature range, including those conducted at very

ow temperatures. Recent studies [4,5] reported improved low
emperature performance of electrolyte in lithium-ion batter-
es and encouraged us to explore solvent electrolyte systems
or the temperature range of −40 to +70 ◦C. Our chief goal
as the identification and development of electrochemically

table solvent electrolyte systems for lithium-ion recharge-
ble batteries which exhibit ionic conductivities better than
0−3 S cm−1 over the aforementioned temperature range, with
wide operating voltage window (0–5 V versus Li). A sec-

ndary objective was to improve flame retardancy in the
est electrolyte systems by using diethyl(2,6-di-tert-butyl-4-
ethylphenyl)phosphate, a thermal runaway inhibitor (TRI)

6,7].
To accomplish these objectives, we have conducted a

etailed series of experiments, including: (a) selection and
creening of readily available potential solvents (e.g., carbon-
tes and carbonate-like) for formulation of electrolytes. (b)
esting and evaluation of the best performing electrolytes. (c)
mprovement of thermal stability by incorporating a thermal

unaway inhibitor to mitigate exothermic reactions due to abuse
r overcharge of batteries below 200 ◦C. (d) Comprehensive
esting and cycling of the new electrolytes in half-cells and full
ells.

mailto:mandal@iit.edu
dx.doi.org/10.1016/j.jpowsour.2006.06.053
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A comparison of certain characteristics of these salts is depicted
in Table 1 and elaborated in the discussion that follows.

Our conductivity studies revealed a very large charge-transfer
resistance for electrolytes with LiPF6. Fig. 2 shows a Nyquist
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. Materials and measurements

Salts, solvents, electrodes, and LiPF6 were obtained from
ldrich Chemical and LiTFSI (lithium imide) from the 3 M

ompany, and were used as received. Ethylene carbonate (EC),
imethyl carbonate (DMC), and propylene carbonate (PC) were
btained from Aldrich and ethyl methyl carbonate (EMC) from
erro Chemicals. All solvents were vacuum-distilled over argon
nd stored in a dry glove box. Electrode and cell components
ere purchased from several sources and used as received:

ithium and aluminum foil (Alfa Chemicals); LiNiCoO2 (Ferro
hemicals); Carbon (SLC-15, Superior Graphite). The TRI was
repared as described in a recently issued patent [6]. Details
f the experimental procedures employed in this study are
escribed elsewhere [7].

. Optimization of solvent system

Using liquid/solid phase diagrams, we screened the solu-
ilities and freezing characteristics of ternary mixtures of the
ommon carbonates (EC, DMC, PC, DEC and EMC). We also
xamined the behavior of ternary mixtures of the carbonates
ith 25 “carbonate-like” thinning co-solvents, including esters,

uch as ethyl butyrate, as well as butyronitrile, 2-nitropropane,
thers, furans, pyrans, oxazolines, and siloxanes. After many
xperiments and thorough study of previous work [8], we have
oncluded that an EC–DMC–EMC ternary solvent system is best
uited for low temperature applications. The presence of ethy-
ene carbonate (EC) in the solvent system is essential, because
ts high dielectric constant assures the dissolution and complete
issociation of the salt and for its ability to form the solid elec-
rolyte interface (SEI) layer on the electrodes. A solvent with
ow viscosity and low melting point, such as DMC or EMC, is
ecessary for good ionic conductivity and the low liquidus tem-
erature of the mixture required for low temperature operation.
liquidus temperature of −7.6 ◦C for the EC–DMC binary sys-

em is not useful for such applications. Phase separation occurs
n the EC–EMC binary mixture even with low concentrations of
C [8]. The DMC–EMC system has a low liquidus temperature,
ut because of the low dielectric constants of the components,
t is not suitable as a solvent for Li-ion batteries. Therefore, we
ntroduced EC–DMC in proportions corresponding to the eutec-

ic point (DMC/EC = 2.42 molar ratio) with EMC as the solvent
hinner, as shown along the line in Fig. 1. An electrolyte com-
osed of 1 M LiPF6 in EC, DMC and EMC (15:37:48 by weight)
ad a freezing point of −41 ◦C.

F
0

able 1
omparison of LiPF6 and LiTFSI

iPF6

lowly deteriorates on storage and begins to decompose above 100 ◦C
xothermic runaway of the electrolyte near 175 ◦C (ARC)
arge lithium-electrolyte interfacial impedance
issolution of Mn occurs when spinel-based cathode material LiMn2O4 is used i
LiPF6-based electrolytes
Fig. 1. EC–DMC–EMC ternary solvent system.

. Formulation of electrolytes

Although LiPF6 is the most commonly used lithium salt for
echargeable batteries, it possesses several drawbacks which are
itigated by use of a more stable lithium salt, such as LiTFSI.
ig. 2. Nyquist plot showing the lithium-electrolyte interfacial impedance for
.9 M LiPF6 and LiN(SO2CF3)2 in EC, DMC and EMC (15:37:48) mixture.

LiTFSI

Thermally stable on storage up to 375 ◦C
Stable up to 250 ◦C
Much lower lithium-electrolyte interfacial impedance

n Stable under these conditions
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ig. 3. ARC studies showing the self-heating rate for 0.9 M LiPF6 and 0.9 M
iTFSI in EC, DMC and EMC (15:37:48) mixture.

lot for 0.9 M LiPF6 and 0.9 M LiTFSI in the EC, DMC and
MC (15:37:48) mixture, respectively. Conductivity measure-
ents were performed with liquid samples between two lithium

isks. Although the bulk resistance is similar in both electrolyte
ormulations at 30 ◦C, the charge-transfer resistance with the
iPF6-based formulation is almost an order of magnitude higher

han that with LiTFSI.
LiTFSI has been shown to be thermally stable up to 375 ◦C,

hile LiPF6 decomposes at temperatures slightly above 100 ◦C.
esults of accelerated rate calorimetry (ARC) experiments per-

ormed on LiPF6 and LiTFSI electrolytes are presented in Fig. 3.
here is a large exothermic runaway reaction for the LiPF6
lectrolyte around 200 ◦C. The LiTFSI electrolyte is stable up
o 250 ◦C, without any exothermic reaction. This observation
emonstrates that the electrolyte formulation (0.9 M LiTFSI in
C, DMC and EMC::15:37:48 by weight) is safer and more
table than the LiPF6-based electrolyte.

LiTFSI is being used increasingly in Li-ion batteries because
f its stability, high conductivity in any medium, its safety and
ack of toxicity. Therefore, we have chosen LiTFSI as the pre-

erred salt in our electrolyte formulations for low temperature
pplication. The change in conductivity with LiTFSI content
t various temperatures is presented in Fig. 4. The electrolyte
ith 0.9 M LiTFSI had the highest conductivity, 2 mS cm−1 at

ig. 4. Change of conductivity with LiTFSI content at different temperatures.
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40 ◦C, as well as at −30 ◦C. The optimized electrolyte for-
ulation is 0.9 M LiTFSI in EC, DMC and EMC (15:37:48 by
eight).

. Characterization of electrolytes

.1. Cyclic voltammetry

The electrochemical stability window for the LiTFSI opti-
ized electrolyte with added 2 wt.% TRI was obtained by cyclic

oltammetry. The experiment was carried out in an O-ring
ealed glass cell, with a 0.07 cm2 glassy carbon working elec-
rode against lithium as reference electrode and platinum wire
s counter electrode. To ensure reproducible conditions of the
lassy carbon electrode, it was polished with 0.5 �m alumina
owder and washed with deionized water and acetone before
ach experiment. The cell was cycled between 1.0 and 5.0 V
with reference to Li/Li+) at a scan rate of 10.0 mV s−1 to estab-
ish the oxidation potentials of the electrolyte formulations. The
xperiment showed that the electrolyte formulation is stable up
o 4.5 V versus Li/Li+ potential. The conductivity of the elec-
rolyte was not affected by the addition of 2 wt.% TRI.

.2. Conductivity

The lithium ion conductivity of the electrolyte formulation
0.9 M LiTFSI in EC, DMC and EMC (15:37:48)] at differ-
nt temperatures was determined by two different cell config-
rations. The specific conductivities of the electrolytes were
easured by the AC impedance technique with a Solartron

mpedance/grain-phase analyzer (SI 1260) coupled with a
olartron electrochemical interface (SI 1287). A sealed two-
lectrode cell (HS test cell, Hohsen Corp.) with a pair of lithium
oil electrodes was assembled inside a helium-filled glove box.
n environmental chamber was used to maintain the desired

emperature within ±1 ◦C for the cells.
In another set up, a dip-type conductivity cell, made of a

yrex glass body and a pair of platinum electrodes, with a cell
onstant of about 0.18 cm−1, calibrated with a standard KCl
olution, was used. A glass tube with a ground-glass opening
as connected on the cell body by which the electrolyte could
e put into the cell and then sealed with a ground-glass stopper.
ach measurement for a particular temperature was carried out
fter the cell had been kept at that temperature for 1 h to achieve
hermal equilibrium. The impedance of the sample was scanned
rom 1 MHz to 0.1 Hz, from which a Nyquist plot was plotted.
he conductivity was calculated from the bulk resistance of the
lectrolyte, i.e. high frequency intercept on the real axis. The
emperature dependency of conductivity is shown in Fig. 5. No
ignificant differences in the conductivity data at low tempera-
ures was observed, although slight improvement in conductivity
as observed at higher temperatures using a platinum cell.
.3. Accelerated rate calorimetry (ARC)

The effect of addition of TRI on the thermal stability of Li-
on battery electrolytes with and without the presence of lithium
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the cells containing TRI, compared with DSC behavior of a cell
containing no additive. The maximum heat flow for the major
exotherms is lowered with addition of TRI. The onset temper-
ature for the exothermic reactions is shifted higher, indicating
ig. 5. The conductivities of TRI modified electrolyte with lithium and platinum
onductivity cells.

etal was measured. The thermal stability was determined using
n accelerating rate calorimeter over the temperature range of
0–275 ◦C. The ARC measures the self-generated heating rate
f the sample material under adiabatic conditions while moni-
oring the pressure of the generated gases. The sample solutions
ere prepared in a 1-in. diameter titanium reaction vessel, which

llows good thermal contact with the sample thermocouple
hile maintaining pressure integrity up to several 100 psi. The

alorimeter measures the heating rate during a heat/wait/search
ode of operation. The sample was heated in 5 ◦C increments.
fter a wait period of 20 min, the temperature of the sample
omb was monitored for another 20 min to determine the aver-
ge heating rate. If the heating rate was below the threshold
imit of 0.02 ◦C min−1, the temperature was increased by another
◦C and the process repeated. Once the heating rate exceeded

he threshold limit, the ARC switched to an exotherm mode of
peration where it closely matched the temperature of the sample
omb during its self-generated heating period, thus maintaining
diabatic conditions. The heating rate was then determined by
he heat generation rate of the sample and the heat capacity of
he sample and holder assembly.

Solutions were prepared in a He filled glove box by adding
wt.% TRI to each of the 0.9 M LiPF6 and the new 0.9 M LiTFSI
lectrolyte. The sample bombs were filled with 6.0 g of solution
nd a Li-metal strip weighing 20 mg. The bomb was loaded
nto the ARC head and measured with Ar as cover gas. Another
xperiment was performed with the new electrolyte formulation
nd a Li-strip, but without TRI. The self-heating rates of these
xothermic reactions are presented in Fig. 6. The onset of the
xothermic reaction between lithium metal and the LiPF6 and
iTFSI electrolytes without TRI additive occurred at 150 ◦C.
he decomposition of LiPF6 electrolyte was observed at about
00 ◦C. The LiTFSI electrolyte showed a lower self-heating rate
han the LiPF6 electrolyte, and no decomposition of electrolyte
t 200 ◦C. With 2% TRI in LiTFSI electrolyte, the onset of the

◦
xothermic reaction was delayed to 160 C. The maximum self-
eating rate for electrolyte was substantially reduced by addition
f TRI. Thus, with 2% TRI, the onset of exothermic reaction
as delayed, and the reaction drastically suppressed. The ARC

F
o

ig. 6. The self-heating rate of the exothermic reaction of a strip of Li with
lectrolyte in the absence and presence of TRI. TechDrive electrolyte: 0.9 M
iTFSI in EC–DMC–EMC: 15:37:48.

xperiment performed with lithium and TRI suggest that there
as no exothermic reaction up to 230 ◦C. A small rise in self-
eating rate was observed at 240 ◦C.

.4. Differential scanning calorimetry

Differential scanning calorimetry studies were conducted
o investigate the thermal stability of the fully charged
iNi0.8Co0.2O2 cathode using a DSC 7, Perkin-Elmer instru-
ent. The fully charged state was chosen since this state poses

reater thermal hazards than any other state of charge. The
athode materials from the charged cells were recovered by
pening in a dry glove box under an argon atmosphere. The
ecovered electrodes, including electrolyte, were sealed in a
tandard aluminum DSC pan. DSC scans were carried out at
heating rate of 5 ◦C min−1, from 30 to 350 ◦C under nitrogen
urging.

Fig. 7 shows the DSC behavior of fully charged cathodes from
ig. 7. DSC curves for charged LiNi0.8Co0.2O2 cathodes cycled with and with-
ut TRI.
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ig. 8. Typical discharge curves for Li/electrolyte/LiNiCoO2 half-cell at a con-
tant current of 1 mA at various temperatures. Electrolyte is 0.9 M LiTFSI in
5:37:48 EC–DMC–EMC.

mproved thermal properties in the presence of the additive. The
xothermic reaction at 224 ◦C is delayed by 5 ◦C.

.5. Temperature dependence of half-cells at constant
urrent

Measurements show that the new electrolyte has a rel-
tively high ionic conductivity at very low temperature
∼2 mS cm−1 at −40 ◦C). The performance of this new elec-
rolyte in cells at different temperatures was evaluated in a
i/electrolyte/LiNi0.8Co0.2O2 cell. The cells were initially sub-

ected to three charge/discharge conditioning cycles at room
emperature between 4.2 and 3.0 V at a constant current of 1 mA
efore temperature dependencies were studied. The cells were
hen discharged down to 3.0 V at constant current of 1 mA at

different temperature. Fig. 8 shows the discharged curves
btained at 25, −20, and −40 ◦C. It was observed that, at
40 ◦C, the lithium cell could deliver almost 20% of the capacity

btained at 25 ◦C, indicating that the cell with the new electrolyte
ould operate down to −40 ◦C.

.6. Full cell studies

Li-ion cells were assembled as follows: graphite (SLC-
5)/electrolyte/LiNi0.8Co0.2O2. Starting with discharged state
ells, the Li-ion cells were charged at constant current (i = 1 mA)
o 4.2 V, then continued charging at constant potential (E = 4.2 V)
o a current cutoff at 0.1 mA). The cells were then discharged
t constant current of 1 mA to a cutoff voltage of 2.9 V. All
ests were carried out at 25 ◦C in a Tenny environment cham-
er. The charge/discharge curves for the first 10 cycles are
hown in Fig. 9. When the new LiTFSI electrolyte was used
n the lithium-ion cell, the reversible capacity decreased from
.76 mAh at the first cycle to 2.51 mAh at the eighth cycle. By
ontrast, the lithium-ion cell with commercial EM Industrial

lectrolyte exhibits very good capacity retention. This obser-
ation may be attributed to the poor cycling performance of
iNi0.8Co0.2O2 in the new electrolyte system (see the cycling

esults of Li/LiNi0.8Co0.2O2 half-cell).

a
a
p
a

ig. 9. Charge–discharge curves of the Li-ion cells cycled between 4.2 and
.9 V. (a) 0.9 M LiTFSI–EC/DMC/EMC (15:37:48) electrolyte; (b) standard
lectrolyte (1:1 EC:DMC, 1 M LiPF6).

. Promising quaternary carbonate electrolyte system

While the new ternary solvent system is very effective at
ow temperatures, it is not as efficient as desired at ambi-
nt temperature. Therefore, we have developed a new quater-
ary solvent system including 10 wt.% propylene carbonate
PC), which performs quite well at low temperature and is
learly superior to the ternary system from 30 to 70 ◦C. The
uaternary solvent electrolyte formulation of 0.9 M LiTFSI in
C–DMC–EMC–PC (15:37:38:10) was prepared. The conduc-

ivity data were compared with our best ternary formulation of
.9 M LiTFSI in EC–DMC–EMC (15:37:48). The dependence
f ionic conductivity of the electrolytes was assessed in the tem-
erature range of −40 to 70 ◦C. The specific conductivities of
he electrolytes were measured by the AC impedance technique
ith a Solartron impedance/grain-phase analyzer (SI 1260) cou-
led with a Solartron electrochemical interface (SI 1287), as
escribed earlier.

The conductivity versus temperature plots are presented in
ig. 10. Although the addition of PC enhances conductivity at
igher temperatures by virtue of its higher dielectric constant,

t low temperatures the conductivity is lower (0.85 mS cm−1

t −40 ◦C and 2.12 mS cm−1 at −30 ◦C), perhaps because of
hase separation of EC. These promising results suggest that
dditional studies may be fruitful.
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ig. 10. The conductivity vs. temperature profile of electrolyte solutions 0.9 M
iTFSI in EC–DMC–EMC and EC–DMC–EMC–PC mixtures.

. Conclusions

The electrolyte formulation, 0.9 M LiTFSI in EC, DMC
nd EMC (15:37:48), has provided the best conductivities with
ithium and platinum conductivity cells over the temperature
ange −40 and +70 ◦C. At −40 ◦C, the conductivity is close
o 2.0 mS cm−1. The formulation of 0.9 M LiPF6 in the same
olvent mixture gave similar results. However, LiPF6 possesses

everal drawbacks, as noted earlier, which are mitigated by use
f the more stable LiTFSI. ARC studies confirmed that addi-
ion of 2 wt.% TRI prevents self-heating of lithium metal up to
30 ◦C. The thermal stability of a fully charged LiNi0.8CO0.2O2

[
[

[

r Sources 162 (2006) 690–695 695

athode is measurably enhanced by addition of 2 wt.% of TRI, as
emonstrated by differential scanning calorimetry. A mixture of
C–DMC–EMC–PC (15:37:38:10) with 0.9 M LiTFSI shows
onsiderable promise as an effective electrolyte over the tem-
erature range −30 to +70 ◦C and merits further investigation.
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