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Effects of imidazolium salts on discharge performance of rechargeable
lithium–sulfur cells containing organic solvent electrolytes

Seok Kima, Yongju Jungb, Soo-Jin Parka,∗
a Advanced Material Division, Korea Research Institute of Chemical Technology, P.O. Box 107, Yusong, Daejeon 305-600, Republic of Korea
b Nuclear Chemistry Research Division, Korea Atomic Energy Research Institute, P.O. Box 105, Yusong, Daejeon 305-600, Republic of Korea

Received 13 January 2005; accepted 4 March 2005
Available online 31 May 2005

Abstract

In this study, lithium–sulfur (Li–S) cells using mixed imidazolium salts and lithium salts for the electrolytes are investigated as a means to
improve discharge performance and cycle-life characteristics. By introducing 5 or 10 vol.% of imidazolium salt into the electrolytes containing
lithium salts, the Li–S cells give a greatly enhanced discharge capacity of >600 mAh g−1 up to the 100th charge–discharge cycle. Furthermore,
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oth the discharge capacity and the average discharge voltage at a high discharge rate, as well as the low-temperature perform
ramatically improved when compared with those of conventional cells using organic electrolyte solvents and lithium salts.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The development of portable electronic devices has led
o a corresponding increase in the demand for secondary
atteries having both a lighter weight and a higher capac-

ty. A lithium–sulfur (Li–S) battery with a positive electrode
ade of sulfur-based compounds is one of the most promis-

ng approaches to satisfying these demands. An ambient-
emperature lithium–sulfur cell has attracted the attention
f many research and development groups due to its inher-
ntly high specific energy[1–12]. The cell contains a sul-

ur cathode, a lithium metal anode and an electrolyte con-
isting of organic solvents and lithium salts. In terms of
pecific energy, lithium–sulfur batteries are the most attrac-
ive candidates among the batteries under development be-
ause lithium has a specific capacity of 3830 mAh g−1, and
ulfur has a specific capacity of 1675 mAh g−1, assuming
hat sulfur is fully reduced to sulfide ion (S2−) during dis-
harge. Furthermore, the sulfur-based compounds are en-
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vironmentally friendly and less costly than other mat
als.

The Li–S cells operate via a redox reaction mechanism
is distinctly different from that of the commercial lithium-i
cells, in which the redox reaction mechanism is based o
intercalation–de-intercalation of Li-ions. In Li–S cells,
lithium metal is oxidized and the elemental sulfur reacts
the Li ions during the discharge process, i.e.,

Li → Li+ + e− (1)

S8 + 16Li+ + e− → 8Li2S (2)

The reverse reaction occurs during the charge pro
The electrochemical redox reaction of sulfur in an org
electrolyte is very complicated and the reaction mechani
still controversial[13,14]. For example, many intermedia
such as Li2S8, Li2S4, Li2S2, and Li2S, exist during the redo
process.

Although Li–S cells have many advantages, they also
fer from the serious problem of low sulfur utilization, th
resuls in low discharge capacity. The sulfur utilization is
E-mail address: psjin@krict.re.kr (S.-J. Park). ferred to as a ratio of the amount of sulfur involved in the
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electrochemical redox reaction of the battery to the amount
of the total injected sulfur. The sulfur utilization is limited
by the insulating nature of sulfur and Li2S. Accordingly, un-
less the electrolyte is suitable, the electrochemically reduced
products of the sulfur (e.g., Li2S2 or Li2S) are precipitated,
and thus do not participate in further electrochemical reac-
tions.

Recently, Chu[15] showed that Li–S cells have a high ca-
pacity during the first discharge cycle at a high temperature.
On the other hand, Li–S cells show a poor cycle-life due to the
loss of active material by a diffusion of soluble polysulfide
into the electrolyte solution. Cycle-life performance is also
strongly influenced by degradation and non-stability of the
lithium metal electrode. Two types of liquid electrolyte sol-
vents are most widely used. One is a primary solvent with the
general formula R1(CH2CH2O)nR2, wheren ranges between
2 and 10, R1 and R2 are different or identical alkyl or alkoxy
groups, and the other is a secondary solvent with a donor num-
ber of 15 or more[16]. A multi-component organic solvent
has been studied to obtain high discharge capacity and high
discharge voltage[11]. Despite this form of approach towards
the development of an optimum electrolyte, lithium–sulfur
batteries have failed to obtain a satisfactory capacity, a good
rate capability, and acceptable cycle-life characteristics.

According to current research, an electrolyte of salts and
a solvent based on a cyclic or non-cyclic carbonate are antic-
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istics such as high ion conductivity (>60 mS cm−1), a wide
window of electrochemical stability (>4 V at 20�A cm−2),
and high salt concentration (>3 M). When electrochemi-
cal capacitors or batteries have used electrolytes includ-
ing the above-mentioned liquid-phase salts, the capacitance
and the specific energy, respectively, have been improved
[21].

Despite the fact that battery performance depends on
the type and composition of the salt and organic sol-
vent used in the electrolyte, none of the above-mentioned
patents and articles has disclosed an optimum species
and composition of the salts and organic solvents for
lithium–sulfur batteries. In particular, the use of imida-
zolium salts have not been developed. Accordingly, this
study examines the effect of adding imidazolium salts
(1-ethyl-3-methyl-imidazolium bis(perfluoroethyl sulfonyl)
imide (EMIBeti), 1-butyl-3-methyl-imidazolium hexafluo-
rophosphate (BMIPF6)) to the electrolyte. In order to eval-
uate the resulting cell performance, the discharge capacity,
the charge–discharge cycle characteristics, the high-rate ca-
pability, and the behaviour at low temperature have been in-
vestigated.

2. Experimental
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pated to provide lithium-ion batteries with a high ionic c
uctivity and a high oxidation potential. In these batter

ithium salts such as LiClO4, LiBF4 or LiPF6 are generall
sed. Recently, however, lithium salts with of triflate, im
r methide-based anions have been considered as a

o improve cell performance[17]. The aforementioned ca
onate electrolyte enables lithium ion batteries to deliv
ood performance, but causes adverse effects when u

ithium–sulfur batteries. The latter behaviour is due to
lectrochemical or chemical reaction of the polysulfide b
ery unstable in a carbonate-based electrolyte, To be su
or lithium–sulfur batteries the electrolyte must meet the
owing criteria: (i) chemical stability (i.e., no reactivity) wi
olysulfide; (ii) high solubility of polysulfide; (iii) low reac

ivity with lithium metal.
Attention has also been drawn to imidazolium cat

ased salts with that take the form of liquid phase at r
emperature. These belong to a class of ‘ionic liquids’ an
ation-based non-aqueous electrolyte salts which are ca
f being applied to electrical storage devices such as a s
apacitors and batteries[18]. As disclosed in a US patent[19],
non-aqueous electrolyte containing a liquid salt such
thyl-3-methylimidazolium hexafluorophosphate (EMIP6)

s useful in a carbon-based electrochemical double-laye
acitors as it has a high concentration (>1 M), high the
tability (>100◦C), and a large capacitance (>100 F g−1).

Furthermore, an electrolyte solution in which liquid-ph
alts are mixed with various carbonate-based organic
ents for application in lithium-ion batteries has been
orted[19,20]. The electrolyte shows improved charac
s

.1. Preparation of Li–S cells containing organic
lectrolytes

67.5 wt.% elemental sulfur, 11.4 wt.% Ketjen black a
onductive material, and 21.1 wt.% polyethylene oxide
inder were mixed in an acetonitrile solvent to form a slu

or the positive electrode of a lithium–sulfur cell. The res
ng slurry was coated on a carbon-coated aluminium cur
ollector.

The slurrly-coated current-collector was dried in a v
um oven at 60◦C for over 12 h. From this, a positive ele

rode with a current density of 2 mAh cm−2 dimensions o
5 mm× 50 mm was prepared. The negative electrode
lithium metal foil with a thickness of 200�m. The pos

tive electrode, the vacuum dried separator, and the n
ive electrode were laminated and placed in a pouch
hich the electrolyte was infected, namely, 0.5 M LiSO3CF3

LiTf: lithium triflate) or 0.5 M LiPF6 in a dimethoxyethan
DME)/dioxolane (DOX) (8/2, v/v) solvent. To this ele
rolyte, EMIBeti or BMIPF6 (Covalent Associates, Inc.) w
ntroduced. The imidazolium salts are cation or anion spe
s shown inScheme 1. Finally, the pouch was sealed to fo

he test cell.

.2. Evaluation of cycle-life characteristics of Li–S cells

The cycle-life characteristics of the test cells were e
ated at a room temperature. The discharging and cha
ehaviour was examined with a Maccor battery tester.
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Scheme 1. Chemical structure of imidazolium salts.

cell was initially discharged for one cycle at a current density
of 1.0 mA cm−2, since the test cell was in a fully-charged state
immediately after assembly. This current density is equiva-
lent to the 0.5C rate when based on the theoretical capacity
of sulfur. Charge and discharge tests were then carried out
between 1.5 and 2.8 V versus Li/Li+ at a constant current of
1.0 mA cm−2 (0.5C rate) for 100 cycles.

2.3. Evaluation of discharging characteristics of Li–S
cells

Evolution of the charge and discharge characteristics was
performed via the same procedure as that used for cycle-life
studies, except that the charge and discharge tests were car
ried out between 1.8 and 2.8 V versus Li/Li+ and discharge
current densities of 1.0 and 2.0 mA cm−2 were employed. The
specific energy (mWh g−1) was calculated by measuring the
average discharge voltage and discharge capacity. The aver
age discharge voltage is defined as the value where 50% of
the total discharge capacity has been delivered, as shown late
in Fig. 3. The specific energy was determined by multiplying
the average discharge voltage by the discharge capacity.
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3. Results and discussion

On discharging (i.e., electrochemical reduction), the
sulfur–sulfur bonds in the positive active material of the Li–S
cell are cleaved and this results, in a decrease in the oxida-
tion number of the sulfur. On recharging (i.e., electrochem-
ical oxidation), the sulfur–sulfur bonds are reformed, and
thus increase the oxidation number of the sulfur. The electri-
cal energy is stored in the battery as chemical energy during
the charging process and is converted into electrical energy
during discharge.

To examine the effect of imidazolium salts on the dis-
charge performance of Li–S cells, the salts were introduced
to a 0.5 M LiTf in DME/DOX (8/2, v/v) solution. The dis-
charge capacity versus cycle number relationship for cells
containing different amounts of EMIBeti is given inFig. 1.
Each test cell shows a gradual increase in capacity up to
around the 10th cycle. This probably can be explained by the
fact that the electrochemical redox reaction of sulfur has an
activation step due to a gradual phase change from a solid
state to the dissolved polysulfide state.

On the first cycle, a test cell without EMIBeti salt exhibits a
discharge capacity of 850 mAh g−1-sulfur. This value is about
50% of the theoretical capacity, and is quite similar to that re-
peated elsewhere[15]. During the early stages of cycling, the
discharge capacities of cells containing 5 or 10 vol.% EMI-
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.4. Evaluation of cell performance at low temperature

The low-temperature performance of the cell was ev
ted at−10 and−20◦C. The cell was initially discharge

or one cycle at 1.0 mA cm−2. This discharge capacity w
efined as the standard value at room temperature. T
fter, the charge process was performed at 1.0 mA cm−2 at
oom temperature, followed by transferring the test cel
low temperature of−10 or−20◦C, leaving them for 2 h

nd then discharging at 1.0 mA cm−2. The cell performanc
s reported as the ratio (as a percentage) of the resultin
harge capacity at low temperature to the standard disc
apacity.
-

-

r

eti salt are slightly lower than that of the cell without EM
eti. On the other hand, the capacity of the cell without E
eti rapidly decreased after the 30th cycle, whereas th
acities of the cells with 5 or 10% EMIBeti slowly decrea
t approximately the same rate up to the 100th cycle. T

he stability of the discharge capacity is greatly improve
he addition of 5 or 10% EMIBeti.

The origin of the improvement in cell performance can
e easily explained because charge–discharge cycle c

eristics are dependent on many factors (e.g., interactio
ween polysulfide and imidazolium salts, chemical and p
cal stability of the sulfur and lithium electrode, ion cond

ig. 1. Discharge capacity vs. cycle number for Li–S cells using org
lectrolytes with salts of: (a) 0.5 M LiSO3CF3; (b) 0.5 M LiSO3CF3 + 5%
MIBeti; (c) 0.5 M LiSO3CF3 + 10% EMIBeti.
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Fig. 2. Discharge capacity vs. cycle number for Li–S cells using organic
electrolytes with salts of: (a) 0.5 M LiPF6; (b) 0.5 M LiPF6 + 5% BMI PF6;
(c) 0.5 M LiPF6 + 10% BMI PF6.

tivity of the electrolyte, electrochemical reaction kinetics).
One of the primary reasons may be enhancement in the elec-
trochemical reaction of the polysulfide by the large volume
size of the imidazolium cations. This size effect can influence
both ion conductivity and electrochemical stability[20,22].
Another possibility is related to the stability of the lithium
surface during the redox reaction. It has been previously
reported that salts having an imide-type anion (e.g., TFSI
(bis(trifluoromethylsulfonyl)imide), Beti) give better cycle-
life than triflate anions[23].

The discharge capacities of test cells containing 0.5 M
LiPF6 mixed with a BMIPF6 salt are presented inFig. 2.
Up to the 100th cycle, the cells containing 5 or 10 vol.%
BMIPF6 salt show less decline in capacity than the cell with-
out BMIPF6 salt. The capacity of the latter decreases rapidly
after the 30th cycle. Furthermore, the discharge capacity of
the cell containing 10% BMIPF6 at the 100th cycle is higher
than that of the cell with 5% BMIPF6. Thus, the stability of
the discharge capacity is improved by the addition of 10%
BMIPF6.

To evaluate the dependence of discharge performance on
discharge rate, tests were performed at discharge rates of 1.0
and 2.0 mA cm−2. The corresponding data for the 15th cycle,
at which the cell performance reaches a steady state after the
activation step of the electrochemical reaction of the sulfur,
are given inFigs. 3 and 4. These are quite typical curves
f .0 V.
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Fig. 3. Specific energy vs. voltage for Li–S cells on 15th cycle at dis-
charge rate of 1.0 mA cm−2 using organic electrolytes with salts of: (a) 0.5 M
LiSO3CF3; (b) 0.5 M LiSO3CF3 + 5% EMIBeti; (c) 0.5 M LiSO3CF3 + 10%
EMIBeti.

Fig. 4. Specific energy vs. voltage for Li–S cells on 15th cycle at dis-
charge rate of 2.0 mA cm−2 using organic electrolytes with salts of: (a) 0.5 M
LiSO3CF3; (b) 0.5 M LiSO3CF3 + 5% EMIBeti; (c) 0.5 M LiSO3CF3 + 10%
EMIBeti.

The discharge capacities of Li–S cells on the 15th cycle
are presented as a function of EMIBeti salt content inFig. 5.
At discharge rates of 0.5 and 1.0C, the cell with 5 wt.% salt
content delivers greater capacity. Above 10 wt.% content, the

Fig. 5. Discharge capacity vs. content of EMIBeti salt for Li–S cells on 15th
cycle using organic electrolytes and at different discharge rates.
or Li–S cells, which have a voltage plateau at about 2
he average discharge voltage and specific density of
ith 5 or 10% EMIBeti are superior to those of the cell w
ut EMIBeti salt. The improved values of both parame
re further enhanced with increase in the discharge rate
.0 mA cm−2 (1.0C-rate). Therefore, cells containing imid
olium salts appears to have a better rate capability.

Furthermore, changes in the discharge characteristics
ifferent electrolytes are more prominent at the higher
harge rate. At 1.0 mA cm−2, the specific density of the ce
ontaining 10% EMIBeti is similar to that of the cell with 5
MIBeti, whereas at 2.0 mA cm−2 the specific density of th
ell with 10% EMIBeti is clearly superior.
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Table 1
Ratio (%) of discharge capacity of Li–S cells with different salt compositions at−10 and−20◦C to discharge capacity measured at room temperature

Temperature (◦C) 0.5 M LiCF3SO3 0.5 M LiCF3SO3 + 5% EMIBeti 0.5 M LiCF3SO3 + 10% EMIBeti 0.5 M LiCF3SO3 + 20% EMIBeti

−10 74 80 83 81
−20 58 67 70 43

cells show decreased capacity with increasing salt content.
This behaviour can be explained by the slow and irreversible
electrochemical redox reaction of polysulfide. The redox re-
action is dependent on the ionic conductivity and viscosity
of the electrolyte solution. In this case, the ion conductivity
is changed only slightly by a change in the salt content[3].
By contrast, the viscosity is increased proportionally with the
salt content. As a result, the viscosity is a more critical fac-
tor for obtaining a high discharge capacity. Consequently, a
salt content of 5 or 10 wt.% is required for a high discharge
capacity.

The average discharge voltage as a function of EMI-
Beti salt content at different discharge rates is presented in
Fig. 6. The average discharge voltage gradually increases
with increase in salt content up to 20 vol.%, but decreases at
30 vol.%. The average discharge voltage is probably inversely
proportional to the internal resistance of the test cells, which
is decreased by introducing the imidazolium salts. The influ-
ence of EMIBeti content on the average discharge voltage is
rather small compared with the influence on capacity.

Data from discharge tests performed at−10 and−20◦C
are summarized inTable 1. A cell without EMIBeti yields
74 and 58% of the standard discharge capacity at−10 and
−20◦C, respectively. By contrast, a cell with 5% EMIBeti
show better performance, namely, a capacity of 80 and 67%
at−10 and−20◦C, respectively. On increasing the salt con-
t hese
i supe-
r he
i a
r
b m a

F cells
o es.

liquid to a solid at this temperature, because the salt has a
melting point of−12◦C [24].

4. Conclusions

The efficacy of adding imidazolium salts to an electrolyte
in order to improve the performance of Li–S cells has been
investigated. The discharge capacity after the 100th cycle is
>600 mAh g−1, in the presence of 5 or 10% EMIBeti. This
performance is superior to that of conventional cells with-
out EMIBeti that suffer a drastically decreased discharge
capacity of 550 mAh g−1 on the 40th cycle. The improved
charge–discharge cycle characteristics can be related to en-
hancement of the electrochemical reaction of the polysulfide
by the imidazolium cation and improved stability of the sur-
face morphology of the lithium negative electrode.

For discharge performance at a high rate, the addition of
EMIBeti salt causes a prominent enhancement of both the
discharge capacity and the average discharge voltage. Cells
containing 10% EMIBeti salt display the best discharge ca-
pacity. Cell performance at−10 and−20◦C is also improved
by introducing EMIBeti salt with 10% EMIBeti, for example,
the discharge capacity ratio at−20◦C is increased from 58
to 70%.

R

rces

112

95

109

.J.

er

.-T.

d, J.

[ Soc.

[
[ B.H.

[ , J.
ent to 10%, the capacity value is slightly increased. T
mproved discharge capacities can be attributed to the
ior ionic conductivity of the electrolyte on introducing t
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ather large decrease in capacity to 44% at−20◦C. This can
e related to the phase change of the EMIBeti itself fro

ig. 6. Average discharge voltage vs. content of EMIBeti salt for Li–S
n 15th cycle using organic electrolytes and at different discharge rat
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