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bstract

The conduction mechanism of gel electrolyte system consisting of poly(ethylene oxide) branched poly(methyl methacrylate) (PEO-PMA) matrix
nd ionic liquid containing lithium salt has been investigated. The kinetics of ion conduction and the mobility of lithium ion are different by the kind
f ionic liquid; 1-ethyl-3-methyl imidazolium bis(trifluoromethane sulfone)imide (EMITFSI) or hexyltrimethylammonium bis(trifluoromethane

ulfone)imide (HTMATFSI). Lithium ion exhibits a significant contribution for ion conduction in the gel electrolyte containing HTMATFSI. In
ontrast, the mobility of lithium ion is not obvious in the gel electrolyte containing EMITFSI. Such difference is considered to originate from the
ifference in ‘miscibility’ of polymer component in ionic liquid.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The application of ionic liquid to electrolyte component of
ithium battery has been an attractive issue for the improvement
f cell safety [1]. Unfortunately, one of the most versatile ionic
iquids, 1-ethyl-3-methyl imidazolium (EMI)-based ones, are
ot adequate for such usage due to their low cathodic stabil-
ty [2]. Therefore, much attempt has been made to find novel
onic liquid with good compatibility toward negative electrode
3–6], or to apply additives to stabilize the electrolyte/negative
lectrode interface [2,7–11]. In some studies cells containing
onic liquid-based electrolyte displayed good charge–discharge
roperties except for rate capability.

In order to be used as electrolyte solvent, several problems
or ionic liquid, its high viscosity, the mobility of lithium ion
n ionic liquid electrolyte, etc., are still remained. The viscos-
ty of ionic liquids themselves is markedly higher than that
f conventional organic solvents. For example, the viscosity
f EMI salt of bis(trifluoromethane sulfone)imide (TFSI), one

f the least viscous ionic liquids, is as high as 30 cP around
oom temperature [12]. The dissolution of lithium salt into ionic
iquid increases further the viscosity and decreases the conduc-

∗ Corresponding author. Tel.: +81 836 85 9212; fax: +81 836 85 9201.
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ivity, which implies that lithium salt forms contact ion pairs in
onic liquid solution [13]. Therefore, it seems a good idea that
onic liquid is utilized as a liquid component in a gel polymer
lectrolyte system instead of organic solvent electrolyte. Ionic
iquids are expected to provide a similar plasticizing effect to
onventional organic solvent electrolyte at as a low temperature
s room temperature regardless of their viscosities.

For gel polymer electrolyte systems containing organic sol-
ent electrolyte used in lithium batteries, such matrices as
o-polymer of vinylidene difluoride and hexafluoropropylene
PVdF-HFP), which exhibits low ability to coordinate to lithium
on, are generally used because of organic solvent can dissoci-
te lithium salt sufficiently. On the other hand, polymer matrix
an be selected to contribute to the dissociation of lithium salt
or gel electrolyte systems containing ionic liquids, exhibiting
hemselves low ability to dissociate a lithium salt. In this case
onic liquid in the gel system play the role in plasticizer, and a

edium for a short range conduction of lithium ion. This concept
s expected to be helpful for the design of an ionic liquid-based
el electrolyte system providing good performance.

Indeed, there have been many studies on the preparation of
el electrolyte systems containing ionic liquid. Noda and Watan-

be proposed the conceptual name “ionic gel” to the products. In
ase that the application is limited to lithium battery electrolyte,
any candidates have already been proposed [14]. Nakagawa et

l. prepared gel electrolyte system consisting of poly(ethylene

mailto:minato@yamaguchi-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2007.10.063
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xide) (PEO) as polymer matrix and LiBF4/EMIBF4 ionic liq-
id solution, and applied the gel electrolyte with LiTiO2/LiCoO2
odel cell [15]. Shin et al. have energetically investigated to uti-

ize a gel electrolyte system containing pyridinium ionic liquid
16–18]. The authors have proposed the gel electrolyte system
ontaining ionic liquid and polymethacrylate having ethylene
xide side chain as matrix, where magnesium ion conducts
19,20]. In contrast, the optimization of the material selection,
omposition and structure of the gel electrolyte for good conduc-
ion of lithium ion are not sufficient over these studies, expect
or some special cases such as polyanion system [21,22] and
he system containing so called ‘lithium ionic liquid’ [23]. In
rder to design a high-performance ionic liquid–gel electrolyte,
r to select polymer matrix with which ionic liquid show a good
on-conduction property, it is necessary to know the influence of
he interaction mode between ionic liquid and polymer matrix
n ion (in particular lithium ion) conduction behavior.

In the present study, the authors prepared a series of gel elec-
rolyte containing two kinds of ionic liquid having different
ations, and poly(methyacrylate) having partially cross-linked
thylene oxide branches (PEO-PMA). The ionic conductivity
nd lithium ion mobility are compared in terms of the difference
n ionic liquid component and the length of ethylene oxide unit
n PEO-PMA matrix. The influence of the interaction among
omponents (lithium ion, ionic liquid, and polymer matrix) on
he lithium ion conduction is to be revealed for the optimum
esign of gel electrolyte system.

. Experimental

In the present study, two kinds of ionic liquids, EMITFSI and
exyltrimethylammonium bis(trifluoromethane sulfone)imide
HTMATFSI), were applied. EMITFSI with high purity was sup-
lied by Nippon Synthetic Chemical Co., Japan. HTMATFSI
as prepared by an ion-exchange reaction between HTMABr

Fluka) and LiTFSI (Fluka) in water. The resulting precipitate
as collected, washed by water, and dried under vacuum. LiTFSI

Fluka) was dissolved into EMITFSI or HTMATFSI as the con-
ent of LiTFSI was to be 20 mol% to prepare LiTFSI/ionic liquid
olution.

Ionic liquid/PEO-PMA gel electrolyte was prepared by in
itu photopolymerization process as described precisely [19,24].
he precursor of polymer matrix used here was the mixture of
oly(ethyleneglycol) monomethacrylate (PEM; Shin-Nakamura
ndustry Co., Japan) and poly(ethyleneglycol) dimethacrylate
PED; Shin-Nakamura Industry Co., Japan) with the PEM:PED
olar ratio of 3:1. Resulting polymer matrix has a cross-linked

tructure of poly(ethylene oxide) (PEO) branches as shown in
ig. 1. In the present study, two kinds of PEO-PMA matrix
aving different PEO chain length n = 4 and 9, were applied.
n all cases the gravimetric ratio of liquid component: PEO-
MA was 7:3. The gel electrolytes are denoted by the existence
f lithium salt, cation of ionic liquid, and EO chain length of

EO-PMA matrix: for example, the gel electrolytes contain-

ng LiTFSI, consisting of EMITFSI and PEO-PMA with n = 9
s denoted as Li-EMI(9), while the gel electrolyte with similar
omponent without LiTFSI is denoted as EMI(9). The prepara-

t
t
L
t

Fig. 1. Structural formula of PEO-PMA matrix.

ion procedure above was carried out in a glove box filled with
rgon. The thermal behavior of a gel membrane was analyzed
sing a differential scanning calorimeter (DSC; TA-50WS, Shi-
adzu Co., Japan). Each sample for DSC analyses in a sealed

luminum pan was first cooled to 173 K (−100 ◦C), then heated
o 373 K (100 ◦C), under the rate of 10 K min−1.

A hermetically sealed cell consisting of cylindrical stainless-
teel (SS) electrodes and a hollow Teflon body was used for
lectrochemical measurements. For conductivity measurement,
he cell was assembled with gel electrolyte membrane after cut
nto a disk with 13 mm in diameter and SS electrodes. The cell
as placed in a sealed transfer vessel and the cell temperature
as controlled by a temperature chamber (SU240, Espec Co.,

apan). The conductivity measurement was carried out by an
lternative-current (ac) method using a frequency response ana-
yzer (Solartron 1260/1286). In each measurement, a Z′ value for
he frequency where −Z′′ was smallest was picked up as an elec-
rolyte resistance RO at prescribed temperature. A conductivity
alue was calculated from RO and the dimension of the disk of gel
embrane. The lithium ion transport number of a gel membrane
as estimated by ac impedance measurements using the similar

ealed cell with lithium foils at both electrolyte/electrode inter-
aces. The measurement conditions were as follows; at 55 ◦C,
0 mV bias, and the frequency region of 106 to 10−1 Hz. The
obility of lithium ion in gel electrolyte was also estimated

y measuring the temperature dependence of relaxation in 7Li
MR (JNM-CMX, JEOL Co., Japan). The sample temperature
as varied between −40 to 60 ◦C, and the spin-lattice relaxation

emperature T1 was measured at each temperature using a pulse
echnique.

. Results and discussion

Fig. 2 shows the DSC profiles for heating scan of gel
lectrolytes consisting of PEO-PMA with n = 9 (a) and n = 4 (b).
n all cases an endothermic peak is observed around −60 ◦C,
hich is assigned to the glass transition of PEO-PMA matrix

25]. The onset temperature of this peak shows a significant
hift depending on both polymer matrix, ionic liquid component
nd the existence of LiTFSI. In particular, the ionic liquid used
rovides the strongest influence to the onset temperature: the
el electrolytes containing EMITFSI and HTMATFSI show the
nset temperature around −70 and −58 ◦C, respectively. While

he effect of the existence of LiTFSI appears to be rather small,
he behavior of the onset temperature deviation on coexisting
iTFSI is dependent on the type of ionic liquid. The gel elec-

rolytes containing EMITFSI show similar onset temperature
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ig. 2. DSC profiles of ionic liquid/PEO-PMA gel electrolytes on heating. Hea
= 4.

egardless of coexisting LiTFSI. In contrast, the coexisting of
iTFSI provides a higher shift of the onset temperature in the
ase of the gel electrolytes containing HTMATFSI.

Fig. 3a shows the Arrhenius plots of the conductivity of
el electrolytes containing EMI(9), Li-EMI(9), HTMA(9), and
i-HTMA(9) with various liquid components. The Arrhenius
lots for the conductivity of liquid components with the same
cale are shown in Fig. 3b. While the conductivity values
f gel electrolytes are onefold lower than those of liquid
omponents, Li-EMI(9) still exhibits the conductivity of ca.
.3 × 10−4 S cm−1. Moreover, the conductivity behavior under
he coexistence of LiTFSI is particularly different between the
iquid and the gel systems. For the liquid system, the conduc-
ivity significantly decreases over the temperature range plotted
hen LiTFSI is dissolved into both ionic liquids. In contrast,

he amount of conductivity decrease when coexisting LiTFSI is
ather small in the gel electrolyte systems regardless of the type
f ionic liquid. The authors previously confirmed that the poly-
er matrix used in the present study, PEO-PMA, can dissociate
agnesium salt [20]. Also in a LiTFSI/ionic liquid/PEO-PMA

el electrolyte system, PEO-PMA polymer matrix is consid-
red to contribute to accelerate the dissociation of LiTFSI by
olvating with lithium ion. In such a gel electrolyte system,
onic liquid must play a main role with conductance. Under
uch assumption, the conductivity behavior shown here is rea-
onable.

Fig. 3a exhibits another interesting feature for the comparison
f the conductivity of gel electrolytes containing different type
f ionic liquid. The slope of the Arrhenius plot for Li-EMI(9)
ppears to be similar to that for EMI(9). In contrast, the feature
f Arrhenius plot Li-HTMA(9) is obviously different from that
or HTMA(9). While the Arrhenius plot for HTMA(9) shows a
inear relationship, the one for Li-HTMA(9) shows a slight con-
ex relationship, suggesting an increase of activation energy for

onductance at lower temperature. The apparent activation ener-
ies (Ea) for conductance, as relative indicators for the slopes of
he Arrhenius plots, are estimated as 30, 34, 35, 52 kJ mol−1 for
MI(9), Li-EMI(9), HTMA(9), and Li-HTMA(9), respectively.

l
E
i
a

ate: 10 ◦C min−1 (a) PEO-PMA matrix with n = 9, (b) PEO-PMA matrix with

Fig. 4 shows the Arrhenius plots for the gel electrolytes con-
aining PEO-PMA (n = 4) matrix. The feature of the Arrhenius
lot, i.e., the tendency of the change of the slope of Arrhenius
lot by the coexistence of LiTFSI, is basically similar to that for
he gel electrolytes containing PEO-PMA (n = 9). However, in
his case, particularly for the gel electrolyte with EMITFSI, the
oexistence of LiTFSI significantly decreases the conductivity.
he conductivity drop from EMI(4) to Li-EMI(4) is a reflect of

he lower dissociation property of this polymer matrix than that
ith longer EO chains. In the case that the polymer matrix is

hanged from PEO-PMA (n = 9) to that of n = 4, the slope for the
el electrolyte with HTMATFSI increases by the coexistence of
iTFSI. The apparent activation energies (Ea) for conductance
re estimated as 30, 32, 35, 57 kJ mol−1 for EMI(4), Li-EMI(4),
TMA(4), and Li-HTMA(4), respectively. The apparent Ea val-
es, as relative indicators for the slopes of the Arrhenius plots,
re close to those for the gel electrolytes with EO chains of n = 9
n EMITFSI but different at some extent in HTMATFSI.

In order to estimate the mobility of lithium in the gel elec-
rolytes, the spin-lattice relaxation time T1 for lithium ion was

easured at various temperatures. The measured T−1
1 values,

n indication of the relaxation rate, of the gel electrolytes
ith each ionic liquid component are plotted as a function of

nverse temperature in Fig. 5. All gel electrolytes provide sim-
lar convexes except for the Li-HTMA(4). These convexes are
ypical Bloembergen–Purcell–Pound (BPP) behavior found for
olymer and gel electrolyte systems conducting lithium ion
26,27]. Both gel electrolytes containing EMITFSI exhibit a
imilar maximum temperature of T−1

1 around 20 ◦C. In con-
rast, Li-HTMA(9) exhibits a maximum around 40 ◦C while
i-HTMA(4) shows no peak at measured temperature range.
he mobility of lithium in these electrolyte systems are indicated
y the peak temperature of T−1

1 [27]. Therefore, the results in
ig. 5 indicate that the mobility of lithium is similar regard-
ess the length of EO unit in the gel electrolytes containing
MITFSI, while Li-HTMA(9) exhibits higher lithium mobil-

ty than Li-HTMA(4). The gel electrolytes containing EMITFSI
ppear to have higher mobility of lithium than those containing
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Fig. 3. (a) Arrhenius plots for the conductivity of ionic liquid/PEO-PMA
gel electrolytes. (�) EMI(9), (�) Li-EMI(9), (©) HTMA(9), (�) Li-
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Fig. 4. Arrhenius plots for the conductivity of liquid/PEO-PMA gel electrolytes.
(�) EMI(4), (�) Li-EMI(4), (©) HTMA(4), (�) Li-HTMA(4).
TMA(9); (b) Arrhenius plots for the conductivity of ionic liquids and their
iTFSI Solutions. (�) EMITFSI, (�) LiTFSI/EMITFSI, (©) HTMATFSI, (�)
iTFSI/HTMATFSI.

TMATFSI due to the lower peak temperature of EMI-based
el electrolyte than those in HTMATFSI.

The mobility of lithium species in the gel electrolytes was
stimated also by an ac impedance measurement using Li/gel
lectrolyte/Li symmetrical cell. Fig. 6a and b shows Nyquist
lots for the cell consisting of Li-EMI(a) and LiHTMA(b) gel
lectrolytes. For Li-EMIs, a spike without any semicircle is
bserved in each Nyquist diagram regardless the kind of matrix.
uch a feature is typical for the blocking electrode/electrolyte

nterface. It should be noted that the diagram for Li-EMIs is
eformed even after 1 day storage of cell to provide a semicir-
le feature. The deformation of the diagram in Li-EMIs may

e due to the decomposition of a certain gel electrolyte compo-
ent, likely the ionic liquid. In contrast, the interface between
ithium electrode and the gel electrolyte provides a multiple
emicircle feature after an inductive portion around high fre-

Fig. 5. Temperature dependence of 7Li spin-lattice relaxation rate T−1
1 in

ionic liquid/PEO-PMA gel electrolytes. (a) Containing EMITFSI, (�) Li-
EMI(9), (©) Li-EMI(4); (b) containing HTMATFSI, (�) Li-HTMA(9), (©)
Li-HTMA(4).
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ig. 6. Impedance diagrams for Li/gel electrolyte/Li cells. Temperature: 55 ◦C
lots of the cell containing the Li-HTMA gel electrolytes. (c) Bode plots of the
i-HTMA gel electrolytes.

uency limit. The inductive portion around 106 Hz may be
ue to the electron-conductive part of the cell assembly. The
idth of semicircle region on the Z′ axis is around 700–800 �

or both Li-HTMA(4) and Li-HTMA(9). And also in both
ases, a very small line at as a low frequency as 10−1 Hz
ttributed to Warburg impedance is obtained. These features
re typical in a limited diffusion field frequently observable for
ithium electrode/lithium-ion conductive polymer electrolytes
28]. Fig. 6c and d shows the corresponding Bode plots of Li-
MIs and Li-HTMAs, respectively. Li-EMIs also clearly show

he different frequency dependences of impedance from those
f Li-HTMAs. Such a difference in the impedance diagrams
uggests that the electrochemically active lithium ion conducts
nly in the gel electrolytes Li-HTMAs. This finding is some-
hat contradict from the results of the temperature dependence
f NMR relaxation time, which indicates the higher mobility
f lithium in the gel electrolyte based on EMI than that based
n HTMA. Here the authors intend that NMR methods do not
istinguish the migration in an electric field with the diffusion
s a neutral species. The motion observed in Li-EMIs by 7Li

MR is therefore suggested to be the diffusion as an electro-

hemically inactive species, namely an ion pair. This may be the
eason why the minimum temperatures of T1 in the 7Li NMR
elaxation measurements for the Li-EMIs are similar regardless

d
d
c
g

Nyquist plots of the cell containing the Li-EMI gel electrolytes. (b) Nyquist
ontaining the Li-EMI gel electrolytes. (d) Bode plots of the cell containing the

f the matrix. It should be noted that a ‘native film’ which is
onsidered to exist on lithium foil before use, may affect the
harge transfer process on Li/the gel electrolyte interfaces. The
et transfer rate of lithium ion across the Li-EMI, where the
obility of Li+ is small, is considered to become negligibly low

lso due to the interrupt by a native film, while the influence
f such interrupt by a native film appears to be small in case
f the Li-HTMA, where the mobility of Li+ is rather large. The
uthors also made an effort to measure the lithium ion transport
umber (tLi+ ) of the Li-HTMA gel electrolytes using a direct cur-
ent polarization. The resulting tLi+ values were ranged within
.10–0.16 regardless of the type of polymer matrix, while the
ack of thorough reproducibility for the tLi+ measurements pre-
ented us from discussing the effect of polymer matrix to the

Li+ values.
All the results above indicate that the conduction behavior of

PEO-PMA/LiTFSI/ionic liquid gel electrolyte system is var-
ed with the type of ionic liquid component. When HTMATFSI
s contained in the gel electrolyte system, both the coexistence
f lithium salt and the selection of polymer component, with

ifferent dissociation mode of LiTFSI, contributes to the con-
uction behavior and lithium mobility in the gel electrolyte. In
ontrast, the conduction behavior of the EMITFSI-containing
el electrolytes appears to be independent from such factors.
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s reflected in the conductivity for the gel electrolytes with
r without LiTFSI, in both cases lithium ion is considered to
e dissociated by EO chain. The dissociated lithium ion surely
ontributes to the conduction on some extent in the HTMATFSI-
ontaining gel electrolytes at some extent. In contrast, lithium
on appears to be inactive as conductive species in the EMITFSI-
ontaining systems. One interpretation for such behavior is
s described below. In the gel electrolyte system containing
MITFSI, a lithium ion is suggested to be solvated strongly
ith ethylene oxide chains and ‘fixed’ in polymer matrix. On

he other hand, a dissociated lithium ion acts as a charge carrier,
erhaps through HTMATFSI. The expected schematic images
or the ion conduction in the gel electrolyte systems containing
MITFSI and HTMATFSI are illustrated in Fig. 7. The differ-
nce of the motion of a lithium ion in these two systems may
riginate from the difference of the interaction between ionic liq-
id and polymer matrix. The authors previously revealed that the
iscibility of organic carbonates in EMITFSI and HTMATFSI:

n HTMATFSI small amount of carbonate is miscible more uni-
ormly than in EMITFSI [13]. Also in the case of polymer
omponent, the ‘miscibility’ of PEO-PMA polymer in these
wo types of ionic liquid appears to be different. In the gel
lectrolyte containing EMITFSI, ionic liquid component may
e somewhat isolated from polymer matrix containing disso-
iated lithium ion. Therefore, the migration of the lithium ion

hrough EMITFSI phase appears less probable than that through
TMATFSI, which is well ‘miscible’ with poly(ethylene oxide)
atrix.

ig. 7. Schematic model for lithium ion conduction in ionic liquid/PEO-PMA
el electrolyte system.
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From the results shown above, HTMATFSI appears to be
referable for the component of gel electrolyte system compared
ith EMITFSI. However, the good property of EMITFSI as a
lasticizer, which provides higher absolute mobility of lithium,
s still attractive. Therefore, such investigation will be required
s the finding of adequate polymer matrix having moderate inter-
ction mode toward EMI-based ionic liquids for realization of
ovel ionic liquid-based gel electrolyte system with applicable
roperties.

. Conclusion

The mobility of lithium ion in the gel electrolyte consisting of
onic liquid and poly(ethylene oxide)-based polymer matrix is

arkedly influenced by the selection of ionic liquid. Quaternary
mmonium-based ionic liquid appears to be more compatible
han imidazolium-based ones for this purpose, due to prefer-
ble interaction between ionic liquid and polymer matrix, which
nables the facile conduction of lithium ion in ionic liquid phase.
he optimization of the composition of gel electrolyte should be
ased on such an interaction mode.
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