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bstract

Two kinds of cyano-containing imidazolium-based ionic liquid, 1-cyanopropyl-3-methylimidazolium-bis(trifluoromethanesulfonyl)imide
CpMI-TFSI) and 1-cyanomethyl-3-methylimidazolium-bis(trifluoromethanesulfonyl)imide (CmMI-TFSI), each of which contained 20 wt%
issolved LiTFSI, were used as electrolytes for lithium secondary batteries. Compared with 1-ethyl-3-methylimidazolium-bis(trifluoromethane-
ulfonyl)imide (EMI-TFSI) electrolyte, a reversible lithium deposition/dissolution on a stainless-steel working electrode was observed during CV
easurements in these cyano-containing electrolytes, which indicated that a passivation layer (solid electrolyte interphase, SEI) was formed during

otential scanning. The morphology of the working electrode with each electrolyte system was studied by SEM. Different dentrite forms were
ound on the electrodes with each electrolyte. The SEI that formed in CpMI-TFSI electrolyte showed the best passivating effect, while the deposited
lm formed in EMI-TFSI electrolyte showed no passivating effect. The chemical characteristics of the deposited films on the working electrodes
ere compared by XPS measurements. A component with a cyano group was found in SEIs in CpMI-TFSI and CmMI-TFSI electrolytes. The
ntroduction of a cyano functional group suppressed the decomposition of electrolyte and improved the cathodic stability of the imidazolium-based
onic liquid. The reduction reaction route of imidazolium-based ionic liquid was considered to be different depending on whether or not the

olecular structure contained a cyano functional group.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Lithium secondary batteries have become an important
nergy storage device for portable electronic instruments and
lectric vehicles. Among the many kinds of negative elec-
rode, lithium metal electrode is of special interest to battery
esearchers due to it higher theoretical energy density. However,
uring practical cycling, the repetitive deposition and dissolution
f lithium results in a dentritic morphology on the electrode sur-
ace, which can cause safety hazards and drastically reduce the
ycle life [1,2]. The growth of dendrites can create a short circuit
n the cell, which can cause significant local heating and often
ead to a fire and explosion. The use of volatile and flammable

rganic solvents can further worsen the safety hazard associated
ith batteries.
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To promote the safety and performance of batteries, many
ifferent ionic liquids have been investigated for use as solvents
n lithium battery electrolyte due to their unique electrochem-
cal and physical properties. The favorable properties include
egligible flammability, nonvolatility, high ionic conductivity,
ide electrochemical window and low toxicity, which promise
safer electrolyte. Most of the ionic liquids that have been

eported to date contain large organic cations with a delocalized
harge, such as quaternary ammonium [3–5], pyrrolidinium [6],
riazolium [7], phosphornium [8], piperidinium [9] and particu-
arly imidazolium [10–12], combined with a variety of anions.

ith regard to the anion, the bis(trifluoromethanesulfone)imide
TFSI−) anion has been widely studied and recently applied
ue to its particular ability to lower the melting point of ionic
olvents [6,13].

Compared with other kinds of ionic liquid, imidazolium-

ased ionic liquid has received much attention because of its
igh conductivity, low viscosity and low melting point. Among
hem, 1-ethyl-3-methylimidazolium-bis(trifluoromethanesulfo-
yl)imide (EMI-TFSI) has been most widely studied [14,15].

mailto:zhaolw@cm.kyushu-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2007.06.131
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owever, the cathodic stability of imidazolium-based ionic liq-
ids is not sufficient for the reversible charge–discharge of
egative electrodes. To prevent the further decomposition of
lectrolyte on the surface of the lithium electrode, the formation
f a solid electrolyte interphase (SEI) is assumed to be a key
actor in the properties of lithium batteries. Several additives,
uch as H2O [16], HCl [17], and organic solvent [18,19], have
een used to accelerate SEI formation. Unfortunately, some of
hese additives poison battery performance. Therefore, an ionic
iquid capable of providing an SEI on a lithium surface should
e an ideal solvent for electrolyte.

In the present study, two kinds of air and moisture-
table cyano-containing imidazolium-based ionic liquid, 1-cya-
opropyl-3-methylimidazolium-bis(trifluoromethanesulfonyl)-
mide (CpMI-TFSI) and 1-cyanomethyl-3-methylimidazolium-
is(trifluoromethanesulfonyl)imide (CmMI-TFSI) were used
s electrolytes, and each contained 20 wt% dissolved LiTFSI.
ithium electrodeposition/dissolution was performed on a
tainless-steel electrode. The formation of an SEI was investi-
ated by CV, XPS, and SEM measurements. The effect of the
tructural formula of the ionic liquid on the electro-chemical
roperties and SEI formation is discussed. For comparison,
MI-TFSI with 20 wt% dissolved LiTFSI was also used as an
lectrolyte in this study.

. Experimental

Two kinds of cyano-containing imidazolium-based ionic
iquid, CpMI-TFSI and CmMI-TFSI (The Nippon Synthetic
hemical Industry Co., Japan) were used as electrolyte solvents.
he structural formulas of the two cations in this study are
hown in Fig. 1. The electrolyte was prepared by dissolving
0 wt% LiTFSI in the test ionic liquid. For comparison,
MI-TFSI, which contained 20 wt% dissolved LiTFSI, was
lso used as an electrolyte. The structural formula of EMI
ation is also shown in Fig. 1. Hereafter, the three kinds

f electrolytes, CpMI-TFSI with 20 wt% dissolved LiTFSI,
mMI-TFSI with 20 wt% dissolved LiTFSI, and EMI-TFSI
ith 20 wt% dissolved LiTFSI are referred to as CpMI-TFSI

lectrolyte, CmMI-TFSI electrolyte, and EMI-TFSI electrolyte,

ig. 1. Structural formulas of cations for imidazolium-based ionic liquids in the
resent study.
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espectively. The viscosity and conductivity of the ionic liquids
nd electrolytes are described in Ref. [20].

Electrochemical lithium deposition/dissolution in elec-
rolytes was studied in a two-electrode half-cell. The
lectrochemical cell consisted of a stainless-steel foil work-
ng electrode, a polypropylene separator (Celgard 3501) and a
ithium-foil counter electrode. All cells were assembled in an
rgon-filled glove box.

Electrochemical pretreatment was performed by a CV exper-
ment in the range of −0.5 to 2.5 V versus Li/Li+ at a scan rate of
.5 mV/s unless stated otherwise, with an equilibration time of
0 s before the first CV scan. All electrochemical pretreatments
ere carried out at 25 ◦C.
After CV measurement, the pre-cycled cells were disman-

led in an Ar-filled glove box. The stainless-steel electrode was
insed and soaked in DMC for 1 h and vacuum-dried at room
emperature for 2 h. Most of the low-molecular weight compo-
ents were dissolved away from the SEI in the rinsing step and
vacuated during vacuum-drying.

The surface of the electrodeposited lithium was analyzed
y XPS (JPS-9010MC/IV, JEOL) under ultrahigh-vacuum con-
itions (less than 5 × 10−7 Pa). The X-ray source was a
onochromatic Mg K� radiation (1253.6 eV). High-resolution

pectra were summed over 10 scans with pass-energies of 10
nd 30 eV. A portable vacuum carrier was used to transfer the
ample from the glove box to the XPS sample chamber.

The surface morphology of the electrodeposited lithium was
bserved with a scanning electron microscope combined with an
nergy dispersive spectroscope (SEM-EDS, JSM-6060 LA/VI,
EOL). The sample was treated in the same way as for the XPS
nalysis. The sample was transferred from the Ar-filled glove
ox to the SEM sample chamber using a portable vacuum carrier
nd was not exposed to air during transit.

. Results and discussion

Since they are both imidazolium-based cations, CpMI+ and
mMI+ have structural formulas similar to that of EMI+, as

hown in Fig. 1. EMI-based ionic liquid has been reported to
ave poor cathodic stability and cannot form a passivation layer
n deposited lithium. The introduction of a cyano group was
uggested to be an effective way to improve the cathodic sta-
ility of ionic liquid [4]. Fig. 2 shows cyclic voltammograms
f working electrodes in CpMI-TFSI and CmMI-TFSI elec-
rolytes at 25 ◦C. For comparison, the cyclic voltammogram of a
tainless-steel electrode in EMI-TFSI electrolyte is also shown.
s expected, the EMI-TFSI system showed no anodic CV peak,
ut a much higher irreversible cathodic current started at higher
otential than in the CpMI-TFSI and CmMI-TFSI systems, and
his was attributed to the reduction decomposition of EMI-TFSI
nd/or the electrodeposition of lithium. In contrast, when CpMI-
FSI and CmMI-TFSI were used as electrolyte solvents, clear
nodic CV peaks were obtained at about 0.25 V versus Li/Li+,

hich could be attributed to the dissolution of electrodeposited

ithium. Therefore, a reversible lithium deposition/dissolution
ouple was proposed in both electrolytes. This phenomenon
ndicated that passivation layers formed on the electrode sur-
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morphology was thought to be caused by the different passivat-
ig. 2. Cyclic voltammograms for lithium deposition/dissolution on a stainless-
teel electrode at 25 ◦C in CpMI-TFSI, CmMI-TFSI and EMI-TFSI electrolytes,
espectively.

aces in CpMI-TFSI and CmMI-TFSI electrolytes. Considering
hat the structural formulas of CpMI+ and CmMI+ are similar
o that of EMI+, the introduction of a cyano group was believed
o be key factor for the formation of an SEI on the electrode
urface.

Compared to the reduction current density at −0.5 V, a much
ower oxidation current density was obtained at +0.25 V in both
pMI-TFSI and CmMI-TFSI electrolytes. This indicates that the
lectrodeposition of lithium contributed only part of the reduc-
ion current. Another source of reduction current, indeed the

ain contributor, was considered to be the electro-reduction of
lectrolytes.

Although CpMI-TFSI and CmMI-TFSI showed cyclic
oltammograms similar to each other in Fig. 2, the reduction
urrent (mainly caused by electrolyte reduction) in CpMI-TFSI
lectrolyte was lower than that in CmMI-TFSI electrolyte. Thus,
he reduction of electrolyte was serious in CmMI-TFSI elec-
rolyte than in CpMI-TFSI electrolyte. Furthermore, a more
fficient passivation film was obtained in CpMI-TFSI elec-
rolyte than in CmMI-TFSI electrolyte. Fig. 3 shows the cyclic
oltammograms of stainless-steel electrodes for 20 poten-
ial scan cycles in CpMI-TFSI and CmMI-TFSI electrolytes,
espectively, at 25 ◦C. Compared with that in CmMI-TFSI elec-
rolyte, the reduction current at −0.5 V decreased gradually
ith the cycle number in CpMI-TFSI electrolyte. These phe-
omena indicated that the SEIs formed in CpMI-TFSI and

mMI-TFSI electrolytes had different properties. The SEI

n the former had better electrochemical characteristics than
hat in the latter, which meant it had a better passivating

i
T
C

ig. 3. Multiple cyclic voltammograms for lithium deposition/dissolution on
tainless-steel electrode at 25 ◦C in CpMI-TFSI and CmMI-TFSI, respectively,
or 20 CV cycles.

ffect to protect the solvent molecules from further reduction
ecomposition.

To study the SEIs on electrodeposited lithium more clearly,
he morphology of stainless-steel working electrodes was
bserved by SEM measurement after multiple CV scans stopped
t a potential of 2.5 V. At this potential, electrochemically active
ithium was dissolved from the working electrode, while only
lectrochemically isolated lithium (dead lithium) remained on
he electrode. The dead lithium is electrochemically inactive
ut chemically active. The morphology of dead lithium should
eveal the morphology of electrodeposited lithium. Fig. 4 shows
EM images of the surface of stainless-steel electrodes after
ultiple potential scanning in CpMI-TFSI, CmMI-TFSI, and
MI-TFSI electrolytes, respectively. In both CpMI-TFSI and
mMI-TFSI electrolytes, lithium dentrites were observed on

he electrodes after 5 CV scans in the range of −0.5 to 2.5 V.
he electrodeposited lithium showed different patterns in the

wo electrolytes. In CmMI-TFSI electrolyte, a kind of glossy
nd slim fiber-like lithium dentrite with a length of 2–3 �m
as observed. In CpMI-TFSI electrolyte, the deposited lithium

howed particle-like dentrites, sometimes mixed with lithium
bers. On the other hand, the distributions of dead lithium
ere also different in the two electrolytes. Fewer dead lithium

emained on the electrode surface in CpMI-TFSI electrolyte
han in the other electrolyte, which also suggested better lithium
ycling efficiency in CpMI-TFSI electrolyte. This difference in
ng effects of SEIs in CmMI-TFSI and CpMI-TFSI electrolytes.
he growth of a fiber-like lithium dentrite was suppressed in
pMI-TFSI electrolyte due to the formation of an SEI with
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ig. 4. SEM images of the stainless-steel electrode with (a) CpMI-TFSI elec-
rolyte, (b) CmMI-TFSI electrolyte and (c) EMI-TFSI electrolyte after 5 CV
cans in the range of +2.5 to −0.5 V vs. Li/Li+.

good passivating effect. Since the fiber-like lithium dentrite

as easier to cut and thus become electrochemically inactive

han the particle-like lithium dentrite [21], more dead lithium
as obtained in CmMI-TFSI than in CpMI-TFSI electrolyte.

n contrast, in EMI-TFSI electrolyte, no as-grown lithium den-

T
i
T
d

ig. 5. SEM images of the stainless-steel electrode with (a) CpMI-TFSI elec-
rolyte and (b) CmMI-TFSI electrolyte after 20 CV scans in the range of +2.5 to

0.5 V vs. Li/Li+.

rite was observed; only a rather thick deposited film was found
n the electrode surface, with several stubs of broken den-
rites immersed in it. This phenomenon suggested that very
ittle lithium was deposited on the working electrode during
V scans, while the large reduction current at −0.5 V was due

o the decomposition of EMI-TFSI electrolyte. Furthermore, the
ecomposition of EMI-TFSI caused a film deposited on the elec-
rode surface, but the film did not contribute to the passivating
ffect of the seldom-deposited lithium. With the dissolution of
eposited lithium during the CV scan, the lithium dentrite broke
nd generated dead lithium, which was chemically active and
eacted with electrolyte. Finally, only several stubs of broken
entrite were left on the stainless-steel electrode.

The growth of lithium dentrites with the CV scan num-
er was clarified by comparing the SEM images obtained
fter 5 and 20 CV scans. Fig. 5 shows SEM images of the
orking electrodes after 20 CV scans in CpMI-TFSI and CmMI-

FSI electrolytes, respectively. The different lithium patterns

n the two kinds of electrolytes persisted and became clearer.
he amount of lithium on the electrodes increased because
ead lithium accumulated during cycling. For CpMI-TFSI elec-
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ig. 6. XPS spectra of the stainless steel electrode with (a) CpMI-TFSI elect
etween +2.5 and −0.5 V vs. Li/Li+.

rolyte, the growth of lithium dentrite caused larger lithium
rains, and the density of lithium grains on the electrode also
ncreased. In the case of CmMI-TFSI electrolyte, in addition
o the thicker electrodeposited lithium, some particles appeared
n the lithium dentrites. From EDS images, the particle showed
igher fractions of carbon and oxygen compared with lithium
ber. Therefore, the particle was believed to have a thicker SEI

ayer than the lithium fiber.
Chemical characterization of the lithium-electrodeposited

tainless-steel electrode was carried out with XPS. Fig. 6 shows
he XPS spectra of C 1s, O 1s, N 1s, F 1s, Li 1s, and S 2p for
he stainless-steel electrodes in the three kinds of electrolytes
fter 5 CV scans. In summary, the formation of deposited films
n the electrode surface was observed in the electrochemical
ystems with three kinds of electrolytes, respectively. LiF was
ound to be an important component in all of the deposited films,
nd showed a peak at 56.3 eV in the Li 1s spectra and a peak at

86.0 eV in the F 1s spectra.

In comparing the XPS spectra, the most obvious difference
etween EMI-TFSI electrolyte and both the CpMI-TFSI and
mMI-TFSI electrolytes was noted in S 2p and N 1s spectra.

g
a
p
fi

, (b) CmMI-TFSI electrolyte and (c) EMI-TFSI electrolyte after 5 CV scans

n EMI-TFSI electrolyte, the S 2p signal showed a rather high
ntensity, while almost no relative peak was found in the spec-
ra of the CpMI-TFSI and CmMI-TFSI systems. If we consider
hat TFSI− is the only source of elemental sulphur, the seri-
us decomposition of TFSI− was thought to occur in EMI-TFSI
lectrolyte. In contrast, no significant decomposition of TFSI−
as detected in CpMI-TFSI and CmMI-TFSI electrolytes. This

upposition was confirmed by the strong N 1s signal in the
pectra of EMI-TFSI electrolyte. The serious decomposition of
FSI− was reflected by a poor passivating effect of the reduction
roduct of the EMI-TFSI electrolyte.

In addition to the S 2p and N 1s spectra, the C 1s spectra
lso showed a clear difference between the deposited film in
MI-TFSI electrolyte and the SEIs formed in CpMI-TFSI and
mMI-TFSI electrolytes. The C 1s peak at 287.9 eV was found

n all three kinds of electrolyte. Moreover, with an increase in
he duration of rinsing with DMC, the intensity of this peak

radually decreased. Therefore the C 1s peak at 287.9 eV was
ssigned to the C atoms in the imidazole ring. Another C 1s
eak at 286.2 eV was also seen in all three kinds of deposited
lms, and this was attributed to hydrocarbon [22]. Although



wer S

t
a
e
t
l
t
p
r
o
i
F
f
c
w
e
g
a
[

t
d
t
w
t
c
s
o
a
e
E
e
i
1
e
d
s
a
i
e

4

b
c
f
e
s
t
l
w
i
g
t
s
w
o

C
t
n
p
c
e
t
t
r
t
s
o
t
g
e
e
C
d
o
l

A

C
T

R

[

[

[
[
[

[

[

L. Zhao et al. / Journal of Po

he peak-positions were same, the intensity ratio of the peak
t 286.2 eV to that at 287.9 eV was much lower in EMI-TFSI
lectrolyte than in the other two electrolytes. This means that
he hydrocarbon fraction of the deposited film in EMI-TFSI was
ower than those in the other two electrolytes, which could con-
ribute to the poor passivating effect of the deposited film. This
henomenon was believed to be caused by a different reduction
oute for molecules in the electrolyte. For EMI-TFSI, no ring-
pen reduction reaction occurred, and the component with an
midazole ring showed a high fraction in the reduction product.
or CpMI-TFSI and CmMI-TFSI, due to the existence of a cyano
unctional group, the imidazole ring was opened during electro-
hemical reduction. On the other hand, a C 1s peak at 290.0 eV
as found in the deposited films in CpMI-TFSI and CmMI-TFSI

lectrolytes. This was believed to be due to a cyano functional
roup. The peak at 289 eV in C1s spectra of EMI-TFSI could be
ssigned to a C–F bond [23] caused by the reduction of LiTFSI
24].

In comparing the SEI formed in CpMI-TFSI electrolyte with
hat formed in CmMI-TFSI electrolyte, there are three notable
ifferences. First, the intensity ratio of the peak at 286.2 eV to
he peak at 287.9 eV in C 1s spectra in CpMI-TFSI electrolyte
as obviously higher than that in CmMI-TFSI electrolyte, and

his was believed to be partially caused by the long hydro-
arbon chain in the molecular structure of CpMI-TFSI. This
hould at least partially explain the better passivating effect
f the SEI formed in CpMI-TFSI electrolyte. Second, a peak
t 291 eV was found in the C 1s spectrum of CmMI-TFSI
lectrolyte, which was also found in the C 1s spectrum of
MI-TFSI electrolyte but not in the spectrum of CpMI-TFSI
lectrolyte. Third, a distinguishable S 2p signal was obtained
n CmMI-TFSI electrolyte, together with a much higher N
s peak at 399.7 eV compared with the results in CpMI-TFSI
lectrolyte. The latter two points indicated slight reduction
ecomposition of TFSI− in CmMI-TFSI electrolyte, while no
imilar evidence was found in CpMI-TFSI electrolyte. The
bove three points were thought to cause the different passivat-
ng effects of the SEIs formed in CpMI-TFSI and CmMI-TFSI
lectrolytes.

. Conclusion

In this study, two kinds of cyano-containing imidazolium-
ased ionic liquid, CpMI-TFSI and CmMI-TFSI, each of which
ontained 20 wt% dissolved LiTFSI, were used as electrolytes
or lithium secondary batteries. Compared with EMI-TFSI
lectrolyte, a reversible lithium deposition/dissolution on a
tainless-steel electrode was found during CV measurements in
hese two kinds of cyano-containing electrolyte. This reversible
ithium deposition/dissolution was still stable after 20 CV scans,
hich indicated that a passivation layer (SEI) was formed dur-

ng potential scanning. The introduction of a cyano functional
roup was effective for improving the cathodic stability of

he imidazolium-based ionic liquid. The morphology of the
tainless-steel working electrode with each electrolyte system
as studied by SEM. Different dentrite forms were found
n the electrodes with each electrolyte. The SEI formed in

[

[

ources 174 (2007) 352–358 357

pMI-TFSI electrolyte showed the best passivating effect, while
he deposited film formed in EMI-TFSI electrolyte showed
o passivating effect on the electrodeposited lithium and on
rotecting the solvent molecules from further reduction. The
hemical characteristics of the deposited films on the working
lectrodes were compared by XPS measurements. The frac-
ion of hydrocarbon in the deposited film was improved with
he introduction of a cyano functional group. The reduction
eaction route of imidazolium-based ionic liquid was thought
o be different depending on whether or not the molecular
tructure contained a cyano functional group. The existence
f a cyano functional group accelerated the ring-open reduc-
ion reaction of imidazole ring. A component with a cyano
roup was found in SEIs in CpMI-TFSI and CmMI-TFSI
lectrolytes. In comparing the two kinds of cyano-containing
lectrolyte, a more efficient passivation film was obtained in
pMI-TFSI electrolyte than in CmMI-TFSI electrolyte. This
ifference was believed to be caused by the different lengths
f the carbon chains in the structural formulas of the ionic
iquids.
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