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a  b  s  t  r  a  c  t

The  cycling  behavior  of Li4Ti5O12/LiCoO2 cells  in the ionic  liquid  electrolytes  based  on 1-butyl-1-
methylpyrrolidinium  bis(trifluoromethanesulfonyl)  imide  (BMP-TFSI)  with  different  additives,  such as
vinylene  carbonate  (VC),  1,3-propane  sultone  (PS)  and  their  mixture  is investigated.  The  cell  assembled
with  BMP-TFSI  containing  10 wt%  VC/PS  (1:1  by weight)  exhibits  reversible  cycling  behavior  with  good
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capacity  retention.  FTIR  studies  reveal  that  the  electrochemically  stable  solid  electrolyte  interphase  forms
on Li4Ti5O12 electrode  in  the  presence  of  a mixture  of  VC  and  PS during  cycling.  The  additives  hardly  affect
the  composition,  thickness  and  stability  of  the  surface  film  formed  on  the  LiCoO2 cathode.

© 2012 Elsevier Ltd. All rights reserved.
ithium-ion battery
olid electrolyte interphase

. Introduction

Lithium-ion batteries are used as power sources for portable
lectronic devices, due to their high energy density and long
ycle life. Large-scale lithium-ion batteries for electric vehicles and
nergy storage systems have been investigated to achieve further
echnical developments. However, implementation of lithium-ion
atteries for large capacity applications is still hindered by safety
oncerns, because the highly flammable organic solvents com-
only used in lithium-ion batteries may  cause fires or explosions

uring unpredictable events such as short circuits or local over-
eating. In the search for non-flammable electrolyte, ionic liquids
ave been recognized as one of the safest electrolytes, because
hey exhibit high thermal stability, non-flammability and negli-
ible vapor pressure even at elevated temperatures [1–3]. Active
aterials such as lithium metal, carbon, Li4Ti5O12, silicon and tin

ave been tested for use as anodes in ionic liquid electrolyte-based
ithium batteries [4–18]. Among these materials, Li4Ti5O12 is con-
idered to be very promising, because it exhibits good reversibility
ith regard to the intercalation/deintercalation of lithium ions and
hows no structural changes during charge–discharge cycling. Fur-
hermore, the high operating voltage of Li4Ti5O12 does not allow for
he growth of lithium dendrites, and thus improvements in safety

∗ Corresponding author. Tel.: +82 2 2220 2337; fax: +82 2 2298 4101.
∗∗ Co-corresponding author.
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are expected. The electrochemical characteristics of Li4Ti5O12 elec-
trodes have been investigated in imidazolium-based ionic liquids
due to their low viscosity and relatively high ionic conductivity
[6,7]. Reale et al. reported the electrochemical behavior of Li4Ti5O12
electrode in pyrrolidinium-based ionic liquids at 40 ◦C [14]. The
ionic liquids in their work were found to be irreversibly decom-
posed on the electrode at a potential that was positive relative to
that of Li/Li+, which resulted in the formation of an unstable solid
electrolyte interphase (SEI) on the electrode. Further, most ionic
liquids exhibit low ionic conductivity compared to conventional
liquid electrolytes. One way  to solve these problems is to use a
small amount of organic solvent as an additive [11,19–25],  which
forms an electrochemically stable SEI before reduction of the ionic
liquid and also increases ionic conductivity by reducing the viscos-
ity of the ionic liquid electrolyte. However, to our knowledge, there
are few reports on the cycling behavior of Li4Ti5O12-based lithium-
ion batteries assembled with ionic liquid electrolytes containing an
additive.

In the present work, the cycling behavior of Li4Ti5O12/LiCoO2
cells in ionic liquid electrolytes based on 1-butyl-1-
methylpyrrolidinium bis(trifluoromethanesulfonyl) imide
(BMP-TFSI) with different additives, such as vinylene carbonate
(VC), 1,3-propane sultone (PS) and their mixture was investigated.
These additives suppressed the reductive decomposition of ionic
liquid electrolyte in the low potential region and thus allowed for

a highly reversible capacity with stable cycling behavior. These
beneficial properties were exploited for the development of a
new type of lithium-ion battery with non-flammable ionic liquid
electrolytes. The surface film formed on the Li4Ti5O12 and LiCoO2

dx.doi.org/10.1016/j.electacta.2012.05.161
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:swsong@cnu.ac.kr
mailto:dongwonkim@hanyang.ac.kr
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lectrode during cycling was also investigated by ex situ attenuated
otal reflection (ATR) FTIR spectroscopy.

. Experimental

.1. Preparation of ionic liquid electrolytes

BMP-TFSI was purchased from Chem Tech Research Incorpo-
ation and was used after drying under vacuum at 100 ◦C for
4 h. The water content in BMP-TFSI after drying was  determined
o be 8 ppm by Karl Fisher titration. VC and PS were purchased
rom Aldrich and dried over 4 Å  molecular sieves before use.
onic liquid electrolyte was prepared by dissolving 1.0 M lithium
is(trifluoromethanelsulfonyl) imide (LiTFSI, 3 M,  highly purified
eagent) in BMP-TFSI. The additive for forming SEI film such as VC,
S and VC/PS (1:1 by weight) was added to the ionic liquid elec-
rolyte at a concentration of 10 wt%. The liquid electrolyte used
or comparative purposes was 1.0 M LiPF6 in ethylene carbonate
EC)/diethyl carbonate (DEC) (1:1 by volume, Techno Semichem
o., Ltd., battery grade). In order to improve the wettability of the
eparator for the ionic liquid electrolyte, poly(vinylidene fluoride-
o-hexafluoropropylene) (P(VdF-co-HFP), Kynar 2801) was coated
nto both sides of polyethylene separator (thickness: 25 �m,  poros-
ty: 40%), as described earlier [26]. The polymer-coated separator

as easily wetted by the ionic liquid electrolytes containing a small
mount of additive.

.2. Electrode preparation and cell assembly

Anatase TiO2 prepared by a hydrothermal method was used to
ynthesize the Li4Ti5O12 [27]. High purity TiCl4, urea and ammo-
ium sulfate purchased from Aldrich were first mixed into a
ater–ethanol mixture submerged in an ice water bath. The mixed

olution was transferred to a Teflon-lined autoclave and heated to
20 ◦C for 24 h. After incubation, the resulting slurry was filtered
nd washed with ethanol. The powder was vacuum-dried and sin-
ered at 400 ◦C for 5 h in air. Li4Ti5O12 was then synthesized from

esoporous anatase TiO2 combined with Li2CO3 (molar ratio of
i/Ti is 0.4) and calcined at 900 ◦C for 20 h. The Li4Ti5O12 electrodes
ere prepared by coating N-methyl pyrrolidone (NMP, Aldrich)-

ased slurry of Li4Ti5O12, PVdF (Kureha Chemical Industry Co., Ltd.),
uper-P carbon (MMM Co.) and KS-6 carbon (Lonza) (80:10:5:5)
nto copper foil. The cathode contained the same binder and
uper-P carbon along with LiCoO2 active material (Japan Chemi-
al), which was cast on aluminum foil. The average mass of active
i4Ti5O12 and LiCoO2 materials in the electrodes were about 8.0 and
.9 mg  cm−2, respectively. All of the electrodes were roll pressed
o enhance particulate contact and adhesion to foils. The coin-
ype Li4Ti5O12/LiCoO2 cell (CR2032) was assembled by setting two
lectrodes face to face, with a polymer-coated separator inserted
etween them. All cell assembly was carried out in an argon-filled
love box. After the cell assembly process, the cells were kept at
5 ◦C for 24 h to imbue the electrode with the ionic liquid electrolyte
olution.

.3. Measurements

A three-electrode cell was used for linear sweep voltammetry
LSV) measurements with a stainless steel as working electrode
nd lithium foil as counter and reference electrodes. A scanning
ate was 1.0 mV  s−1 in the LSV experiments. Charge and discharge
ycling tests of the cells were conducted with battery testing equip-

ent (WBCS 3000, Wonatech) at a constant current density of

.2 mA  cm−2 (0.2 C rate) after two preconditioning cycles at a 0.1
 rate, over a voltage range of 1.6–2.7 V at 55 ◦C. For differen-
ial scanning calorimetry (DSC) experiments, the cells were fully
 Acta 78 (2012) 11– 16

charged to 2.7 V after 100 cycles and were disassembled in the
dry box. Approximately 5 mg  of the cathode scraped from the cur-
rent collector was hermetically sealed in a stainless steel pan,
and measurements were taken at a heating rate of 1 ◦C min−1.
Surface characterization of the Li4Ti5O12 and LiCoO2 electrode
before and after cycles in different electrolytes was conducted
by ex situ ATR FTIR spectroscopy using an IR spectrometer (Nico-
let 6700) equipped with a mercury–cadmium–telluride detector.
Residual electrolyte components were removed from the electrode
by washing it thoroughly with dimethyl carbonate prior to col-
lecting the FTIR data. Since the electrodes were directly mounted
on a closed single-reflection ATR unit with a Ge optic in an Ar-
filled glove box, there was no atmospheric contamination of the
samples during transportation to the IR instrument or during the
IR measurement. In order to investigate the flammable behav-
ior of ionic liquid electrolyte solution, an inert glass-fiber wick
(3 cm × 3 cm)  was soaked with the electrolyte solution, and it was
ignited with flame source for 10 s. The electrolyte was judged to be
non-flammable if the electrolyte never ignited during the testing,
or if the ignition of electrolyte ceased when the flame source was
removed [28].

3. Results and discussion

The electrochemical stability of the ionic liquid electrolytes
containing different additives was  investigated through LSV mea-
surements, and the results are shown in Fig. 1. It is observed in
Fig. 1(a) that the cathodic current starts to increase around 1.5 V vs.
Li/Li+ in the ionic liquid electrolyte without additive. Since lithium
deposition should have occurred around 0 V, the observed cathodic
current may  correspond to the reductive decomposition of the ionic
liquid electrolyte. The measured value of the reductive decom-
position is in good agreement with that observed in a LiTFSI and
1-butyl-1-ethylpyrrolidinium bis(trifluoromethanesulfonyl) imide
solution [14]. For the ionic liquid electrolyte with additive, reduc-
tion of additives takes place at a potential that is more positive
than that of ionic liquid electrolyte, resulting in the formation of a
SEI film on the electrode. The SEI film may  prevent further reduc-
tive decomposition of the ionic liquid electrolyte and kinetically
extends the cathodic stability to 0 V vs. Li/Li+. It should be noted that
the reductive decomposition of ionic liquid electrolyte can hardly
be observed when a mixture of VC and PS is used. In the anodic
scan shown in Fig. 1(b), the oxidative decomposition occurs above
5.0 V in the ionic liquid electrolyte without additive. The addition
of VC, PS and VC/PS decreases the anodic stability of electrolyte
solution, which may  originate from the anodic decomposition
of the additive. Nevertheless, they show high anodic stability
higher than 4.7 V, which is suitable for allowing the electrochem-
ical operation of Li4Ti5O12/LiCoO2 cells considered in the present
study.

Fig. 2 shows the charge and discharge curves of the
Li4Ti5O12/LiCoO2 cells in ionic liquid electrolyte with and with-
out additive, which are obtained for initial preconditioning cycles
over a voltage range of 1.6–2.7 V at a 0.1 C rate. The large irre-
versible capacity is usually observed during initial cycles in the
lithium-ion cells, which arises from the formation of SEI on the
surface of the negative electrode. Thus the first and second cycles
are referred to as preconditioning cycle in this study. The dis-
charge capacities obtained during the first preconditioning cycle
range from 106 to 120 mAh  g−1 based on LiCoO2 active mate-
rial in the cathode. The irreversible capacity loss for the first

cycle increases when the additives are used. The initial large irre-
versible capacity of the cell with additive can be attributed to
the reduction of additive, resulting in the formation of SEI layer
on the Li4Ti5O12 electrode. Nakagawa et al. also reported large
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ig. 1. Linear sweep voltammograms of ionic liquid electrolyte without and with
dditive (scan rate: 1 mV s−1): (a) cathodic scan and (b) anodic scan.

rreversible capacity (24.3–34.0%) in the Li4Ti5O12/LiCoO2 cells
ssembled with 1-ethyl-3-methylimidazolium tetrafluoroborate-
ased ionic liquid electrolytes at a constant current density of
.025 mA  cm−2, which may  be caused by production of a passi-
ation layer due to the side reactions in anode interface [29]. For
he second cycle, however, the cells with additive exhibit a lower
rreversible capacity loss than that of cell without additive. The
oulombic efficiencies for the second cycle are 92.1, 94.2, 92.9 and
6.2% for the cell without additive and with VC, PS and VC/PS,
espectively. The initial irreversible reaction observed around 2.0 V
or the first cycle in the cell with VC-containing ionic liquid elec-
rolyte (Fig. 2(b) and (d)) disappears for the second charging cycle.
hese results suggest that the SEI layer formed on the Li4Ti5O12
lectrode during the first cycle effectively suppresses further reduc-
ion of ionic liquid electrolyte during the second cycle, which
eads to a reduction in the irreversible capacity loss after the first
ycle.

After two preconditioning cycles, the cells were cycled over the
ame cut-off voltage at a 0.2 C rate. Fig. 3(a) shows the charge and
ischarge curves of the 1st, 10th, 20th, 50th and 100th cycles of
he Li4Ti5O12/LiCoO2 cell assembled with ionic liquid electrolyte
ontaining 10 wt% VC/PS (1:1 by weight). The cell had an initial dis-
harge capacity of 111.1 mAh  g−1, which declined to 96.2 mAh  g−1

fter 100 cycles, while the cycling efficiency steadily increased with

ycle number. Fig. 3(b) shows the discharge capacities as a function
f cycle number in the cells prepared with ionic liquid electrolyte
ontaining different additives. It is clear that the cycling character-
stics of cells are dependent on the type of additives used. The initial
 Acta 78 (2012) 11– 16 13

discharge capacity is the lowest in the cell prepared with ionic liq-
uid electrolyte without additive, which is due to the fact that the use
of a highly viscous ionic liquid electrolyte causes increases in both
electrolyte resistance and charge transfer resistance at the elec-
trode/electrolyte interface. On the other hand, the addition of VC, PS
and VC/PS increases the initial discharge capacity. Such an increase
can be attributed to both an enhancement in the ionic conductiv-
ity of the electrolyte and effective penetration of the electrolyte
into the electrodes. With respect to capacity retention, the cell
in an ionic liquid electrolyte without additive showed significant
capacity fading during cycling, which may  be related to undesirable
and irreversible decomposition reactions of the ionic liquid elec-
trolyte during cycling. In contrast, the addition of VC, PS or VC/PS
to ionic liquid electrolyte leads to improved discharge capacity
retention, which results from the formation of an electrochemi-
cally stable SEI layer on the Li4Ti5O12 electrode during repeated
cycling.

Rate capability of the Li4Ti5O12/LiCoO2 cells in ionic liquid elec-
trolytes containing different additives was  evaluated. Before the
execution of the rate capability test, the cells were initially cycled
10 times at a low current rate (0.1 C rate) in order to induce the for-
mation of an SEI layer on the electrode. The cells were then charged
to 2.7 V at a constant current of 0.2 C and discharged at different
current rates ranging from 0.2 to 2.0 C. The discharge curves of the
Li4Ti5O12/LiCoO2 cell assembled with ionic liquid electrolyte con-
taining VC/PS are given in Fig. 4(a). Cycling performance at 1.0 C
rate, with a capacity of 105.1 mAh  g−1, is considered good. However,
the discharge capacity abruptly decreased to 73.6 mAh g−1 at 2.0 C
rate, which can be attributed to the high resistance of electrolyte.
Fig. 4(b) compares the rate capabilities of the Li4Ti5O12/LiCoO2
cells assembled with ionic liquid electrolytes containing differ-
ent additives. In this figure, the relative capacity is defined as
the ratio of the discharge capacity at a specific C rate to the dis-
charge capacity delivered at the 0.2 C rate. The results showed
that the type of additive used affected high rate performance. As
expected, the cell prepared with ionic liquid electrolyte without
additive exhibited the lowest high rate performance, while the rel-
ative capacity at 2.0 C rate was  the highest when a mixture of
VC and PS was added to the ionic liquid electrolyte. This suggests
that the SEI film formed in the presence of VC/PS may  be uniform
and stable enough to provide favorable interfacial charge transport
kinetics.

In order to investigate the composition of surface film formed on
Li4Ti5O12 anodes and LiCoO2 cathodes in ionic liquid electrolytes
with and without additives, the electrodes were analyzed after 100
cycles using ex situ ATR FTIR spectroscopy. Fig. 5 shows the IR spec-
tra of the Li4Ti5O12 electrodes cycled in the different electrolytes.
The surface of a pristine electrode (Fig. 5(a)) exhibits peaks that
originated from the PVdF binder [30]. Overall, the surfaces of the
cycled electrodes show clearly new peaks that can be distinguished
from those of PVdF. First, the electrode cycled in ionic liquid elec-
trolyte without additive exhibits tiny new peaks at 1654, 1618,
1456, 1330 and near 837 cm−1, which are attributed to the �(C O)
from alkyl carbonate salt OCO2

−Mn+ (M = Li/Ti) and carboxylate
salt CO2

−Mn+, respectively [31]. Strong and broad new peaks
appearing near 1512–1430 cm−1 are attributed to the �(CO)sym

and �(CO)asym of Li2CO3. The Li2CO3 and low concentration organic
species may  be the decomposition products of BMP  cations com-
bined with oxygen from Li4Ti5O12 and TFSI anions. Tiny peaks near
1350, 1330 and 879 cm−1 are attributed to �( SO2 ), and those
at 1230–1180 and 752 cm−1 to �(C F) and �(C F), respectively,
are attributed to TFSI decomposition products [32]. For the elec-

trode cycled in the presence of VC additive, new prominent peaks
of the CH3 CH2 alkyl group appear in the region 2950–2850 and
1456–1443 cm−1, which are due to new surface compounds, as well
as peaks due to Li2CO3 and TFSI decomposition products. Strong
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Fig. 2. Charge and discharge curves of Li4Ti5O12/LiCoO2 cells in ionic liquid electrolyte with and without additive, which are obtained for initial preconditioning cycles (55 ◦C,
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.1  C rate). (a) Without additive, (b) with VC, (c) with PS and (d) with VC/PS.

bsorbance of the alkyl group indicates the surface compounds to
e polymeric [33]. Prominent peaks at 1806 and 1741 cm−1 are due
o �(C O) of carboxylic acid anhydride CO O CO and the one at
776 cm−1 to an ester CO2R group, respectively. Two  shoulders at
270 and 1072 cm−1, due to �(C O C) and �(O C C), respectively,
onfirm the presence of ester compounds. Other new peaks at 1612
nd 1583 cm−1 are attributed to �(C O) of carboxylate salts. The
resence of such polymeric/organic compounds is direct evidence
f VC decomposition. The electrode surface cycled in PS exhibits

 lower absorbance spectrum than that cycled in VC, probably
ue to the lower concentration of surface species. Newly observed
eaks at 1228, 1072 and 991 cm−1, which overlap with the peaks of
(C F), are attributed to �(SO2)asym and �(SO2)sym, respectively, of
lkyl sulphate salt R-SO4

−M+, and/or �(SO3)asym and �(SO3)sym of
ulphonic salt SO3

−M+. In the presence of VC and PS, the cycled elec-
rode surface shows all of the prominent peaks that are observed
n Fig. 5(c) and (d). In particular, significant enhancement of peak
bsorbance at 1228 cm−1 indicates a further increase in the concen-
ration of SO2-containing inorganic salt. These results indicate that

n the presence of VC and PS together, the surface of cycled Li4Ti5O12
s more effectively covered by a thicker layer than with other elec-
rolyte composition. When VC and PS are added to ionic liquid
lectrolyte together, the electrode surface consists of a mixture of
polymeric/organic and inorganic salt surface species together at
a relatively high concentration level. The presence of these com-
pounds provides a more stable surface layer, which results in good
cycling performance.

Fig. 6 shows the IR spectra of the LiCoO2 cathodes cycled
in the different electrolytes. Overall the spectral feature of all
cycled cathodes is the almost same with each other. Obser-
vation of strong prominent peaks of the PVdF binder reflects
that the surface layer is very thin and the coverage of sur-
face compounds is low. All the cycled LiCoO2 cathodes clearly
exhibit a new peak around 3404 cm−1, which is attributed to
�(NH) of secondary amine. A broad peak ranged from 1512 to
1430 cm−1 is attributed to the Li2CO3. Strong new peaks at 1394
and 1374 cm−1 are attributed to the �( SO2 )asym from SO2-
containing compounds. Peaks at 1272 and 788 cm−1 are ascribed
to �(C F) and �(C F). The presence of SO2 and C F signa-
tures are of the decomposition products of TFSI anion [32]. No
clear evidence for the effect of additives on the LiCoO2 cath-
ode is observed, as expected in Fig. 1(b). It is thus believed that

the additives in the ionic liquid electrolyte strongly affect on
the surface layer of Li4Ti5O12 anode in the aspects of the com-
position, thickness and stability, but not on that of the LiCoO2
cathode.
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lectrolyte containing 10 wt% VC/PS, and (b) discharge capacities as a function of the
ycle number for cells with different additives (55 ◦C, 0.2 C rate).

The flammability of the ionic liquid electrolyte containing differ-
nt additives was investigated. None of the ionic liquid electrolytes
ith or without additives showed any combustion, even during

gnition with a flame source, which means all the ionic liquid elec-
rolytes are non-flammable. Thermal stability of the delithiated
athode materials is also of great importance for battery safety.
SC measurements were performed to evaluate the thermal sta-
ility of the cathode material in a fully charged state. Fig. 7 shows
he DSC profiles of the cathode materials charged to 2.7 V, which
re obtained after 100 cycles. For the purpose of comparison, the
SC trace of Li1−xCoO2 cycled in standard liquid electrolyte (1.0 M
iPF6 in EC/DEC) is also included in the figure. The Li1−xCoO2 mate-
ial cycled in standard liquid electrolyte has a large exothermic
eak with a reaction heat of 466.6 J g−1 at 244.6 ◦C, which arises
rom the reaction of organic solvents with the oxygen released
rom the charged Li1−xCoO2 material [34–36].  On the other hand,
he Li1−xCoO2 material in the cell assembled with ionic liquid elec-
rolyte has a much smaller exothermic reaction peak (141.5 J g−1)
t a higher temperature (285.2 ◦C). These results suggest that the
elithiated Li CoO material is less reactive toward the ionic liq-
1−x 2
id electrolyte, leading to an improvement in thermal stability. The
ddition of VC, PS and VC/PS does not significantly affect the ther-
al  stability of the cathode material, as shown in the figure, which

Fig. 5. FTIR spectral comparison of a pristine Li4Ti5O12 anode and Li4Ti5O12 anodes
cycled in ionic liquid electrolytes containing different additives. (a) A pristine elec-
trode, (b) an electrode cycled in ionic liquid electrolyte without additive, and
electrodes cycled in ionic liquid electrolyte with (c) VC, (d) PS, and (e) VC/PS.
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ndicates that the thermal stability of the cathode material is main-
ained in the presence of an ionic liquid electrolyte with a small
mount of additive.

. Conclusions

The cycling behavior of Li4Ti5O12/LiCoO2 cells in ionic liquid-
ased electrolytes composed of BMP-TFSI and a small amount of
rganic additive was investigated. The addition of organic sol-
ents suppressed the reductive decomposition of BMP-TFSI. The
i4Ti5O12/LiCoO2 cell in BMP-TFSI containing a mixture of VC and
S exhibited high discharge capacity and good capacity retention.
urface characterization of the Li4Ti5O12 electrode with FTIR analy-

is confirmed that a stable and thick surface layer was formed on the
lectrode during cycling when a mixture of VC and PS was added to
he ionic liquid electrolyte. The addition of VC, PS and VC/PS hardly
ffected the surface layer of LiCoO2 cathode during cycling.
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