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a b s t r a c t

Poly(2-ethoxyethyl methacrylate) polymer gel electrolytes containing immobilised lithium
bis(oxalato)borate in aprotic carbonates: propylene carbonate (PC), propylene carbonate–ethylene
carbonate (PC–EC 50:50 vol.%) and diethyl carbonate–ethylene carbonate (DEC–EC 50:50 vol.%) were
prepared by a direct radical polymerisation. The electrolyte composition was optimised to achieve
suitable ionic conductivity 0.5 and 2.4 mS cm−1 at 25 and 70 ◦C respectively along with good mechanical
vailable online 15 October 2008

eywords:
olymer electrolyte
-ethoxyethyl methacrylate
ithium-ion battery

properties. The electrochemical stability up to 5.1 V vs. Li/Li+ was determined on gold electrode by
voltammetrical measurements. The polymer electrolytes with high-boiling solvents (PC and PC/EC)
showed higher thermal stability (up to 110–120 ◦C) compared to the liquid electrolytes. The proposed
area of application is in the lithium-ion batteries with cathodes operating at elevated temperatures of
70 ◦C, where higher electrochemical stability of the polymer electrolytes is employed.

p
t
(
l
c
c
s
t
l
b
a
b
s

(
i
i
t

ithium bis(oxalato)borate
arbonate

. Introduction

Modifications of recently used chemical power sources (lithium
nd lithium-ion batteries, supercapacitors) are following econom-
cal, environmental and safety regulations and demands. In the
ase of the device electrolyte, substitution of common liquid elec-
rolytes with solid or polymer systems is highly appreciated. In last
our decades, many attempts were done since Fenton et al.’s [1]
nd Armand’s [2] independently introduced poly(ethylene oxide)-
iClO4 binary electrolytes.

Beyond many others, acrylate and methacrylate-based polymers
nd copolymers play important role due their wide availability,
ow toxicity and good electrochemical stability. Monomer and poly-

er structure can be modified and functionalised following various
emands on the polymer functionality [3–6], system polarity or
olymerisation volume contraction. On contrary to many other
olymers, methacrylate-based electrolytes can be directly pre-
ared by the radical polymerisation, when the casting method is
ypassed. Commonly developed and studied polymer electrolytes

re ternary systems consisting of a polymer, an aprotic solvent
nd a lithium salt. Their high electrochemical stability allows their
pplication as a part of the electrolyte in lithium-ion batteries
7–11].

∗ Corresponding author. Tel.: +420 266172198; fax: +420 220941502.
E-mail address: reiter@iic.cas.cz (J. Reiter).
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Aliphatic carbonates dominate among the solvents used in the
olymer electrolytes and propylene carbonate (PC) is attractive due
o its high dielectric constant, wide temperature range of liquidity
down to −49 ◦C) and low vapour pressure. Unfortunately propy-
ene carbonate is co-intercalated into the graphite anode during the
harge process, when PC molecules are strongly solvating the Li+

ation. This co-intercalation causes the exfoliation of the graphite
tructure and disintegration of electrode [12,13]. The solution of
his problem can be in employing additives that form stable SEI
ayer preventing the graphite disintegration such as ethylene car-
onate [14], vinylene carbonate [15] or 2-cyanofurane [16]. Another
pproach is included in our paper and is based on using lithium
is(oxalato)borate as a salt and a partially cross-linked polymer
tabilising the structure of the electrolyte.

Introducing weakly coordinating bis(oxalato)borate anion
BOB−) and its derivatives in 2001 and 2002 included important
mprovement in the area of the electrolytes for lithium-ion batter-
es [17,18] due to its stabilising effect of the graphite anode, low
endency to hydrolyse contrary to LiPF6 and good electrochemical
tability in contact with aluminium current collectors. The graphite
nodes can be used with LiBOB even in the case of pure propy-
ene carbonate [19]. Since 2001, also polymer electrolytes with

iBOB were prepared by Scrosati and coworkers [20] and West and
oworkers [21].

In our recent paper we present results of investigation of new
iBOB-based polymer electrolytes in different solvents (PC, PC–EC
nd DEC–EC) entrapped in the structure of partially cross-linked

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:reiter@iic.cas.cz
dx.doi.org/10.1016/j.jpowsour.2008.10.008
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-ethoxyethyl methacrylate polymer network. The main advan-
ages of the studied electrolytes are in the improvement of the SEI
ayer by present LiBOB and/or ethylene carbonate, higher thermal
tability and lower reactivity especially towards oxidation. Also
he influence of the present polymer on the electrolyte overall
eactivity has to be included following the conclusions of Kim et
l. [8], Wan and coworkers [22] and Tatsuma et al. [23].

The lower reactivity of the polymer electrolyte compared to the
iquids was suggested by Song et al. [22], when the overall reactiv-
ty of the electrolyte can be lowered by present polymer that can
e considered as electrochemically stable. Georén and Lindbergh
roposed the effect of the polymer on the reaction rate with similar
ffect [24]. Good stability of polymer electrolytes towards oxidation
ould allow the application of polymer electrolytes in combi-
ation with cathodes operating at higher temperatures (around
0 ◦C) such as Li2MSiO4 (M = Fe and/or Mn) [25,26]. Our work is
ased on our previous investigation of polymer gel electrolytes con-
aining embedded PC–LiClO4 electrolytes combined with various

ethacrylates, where we achieved the ionic conductivity values
.7 mS cm−1 at 20 ◦C together with wide electrochemical window
over 5.0 V vs. Li/Li+) (ref. [27,28]).

. Experimental

Monomer, 2-ethoxyethyl methacrylate was obtained from
igma–Aldrich and distilled under reduced pressure. The
ross-linking agent, 1,6-hexandiol dimethacrylate (HexadiMA,
igma–Aldrich) was used as received. The polymerisation ini-
iator, 2,2′-azobis(isobutyronitrile) (AIBN; Sigma–Aldrich) was
ecrystallised from chloroform and dried at 20 ◦C in a vacuum. All
onomers and the initiator were stored at 4 ◦C before use.
Propylene carbonate, ethylene carbonate and diethyl carbonate

anhydrous; all from Sigma–Aldrich) were used as received. Bat-
ery grade lithium bis(oxalato)borate was obtained from Chemetall.
ll chemicals were stored in an argon-filled glove box (MBraun,
ermany).

.1. Polymer electrolyte preparation

Polymer electrolytes were prepared using direct, radical ther-
ally initiated polymerisation following our previous experiments

27,28]. The initial mixture was prepared in a glove box and contains
onomer (EOEMA), cross-linking agent (HexadiMA; 0.3 mol.% of
onomer), polymerisation initiator AIBN (1 mol.% of monomers)

nd 0.7 m (molality) solution of LiBOB in PC, PC–EC (50:50 vol.%)
r DEC–EC (50:50 vol.%). After homogenisation, the cell for sample
reparation was filled with the initial mixture and placed into an
ven for a period of 2 h at 80 ◦C. The design of the cell disallows the
ontamination of the electrolyte by water or oxygen.

The polymer membranes were prepared either in PTFE cell or in
itu on aluminium or copper foil electrodes what ensures a perfect
ontact between the electrolyte and the electrode.

The electrolyte composition of the electrolyte (polymer–
olvent(s)–salt) is expressed in molar percentage, when the amount
f cross-linking agent is involved in polymer content.

.2. Electrolyte characterisation

Scanning electron microscopy (SEM) studies were performed
sing a Philips XL30 CP microscope equipped with EDX (energy

ispersive X-ray), Robinson, SE (secondary electron) and BSE
back-scattered electron) detectors. The sample was placed on an
dhesive C slice and coated with Au–Pd alloy layer of 10 nm thick.

X-ray patterns were obtained with a PANalytical Xpert’PRO
iffractometer, using Bragg–Brentano geometry, in �/� reflection

o

a
n
P

urces 189 (2009) 133–138

ode. The instrument was equipped with a cobalt X-ray tube (Co
� radiation; 40 kV, 30 mA, line focus), a �-filter and X’Celerator
ultichannel detector. The X-ray patterns were collected in the

ngular range of 4–50◦ 2 � with a step size of 0.0167◦ and counting
ime of 100 s per step.

The simultaneous TGA–DTA measurement was taken in air and
rgon at the heating rate of 5 ◦C min−1. Another TGA measure-
ent was done isothermally at 70 ◦C for the period of 100 min.

xperiments were performed with a Simultaneous Thermal Anal-
sis Netzsch STA 409 (Germany). The DSC analysis was performed
n the temperature range from −160 to 100 ◦C at the heating rate of
0 ◦C min−1.

The potentiogalvanostat PGSTAT 30 (Eco Chemie, The Nether-
ands) and VMP3 potentiostat/galvanostat (Bio-Logic, France) were
sed for electrochemical measurements including the modules
or impedance measurements. Conductivity measurements were
erformed by using the impedance spectroscopy, when the influ-
nce of temperature was studied in the range from 20 to 70 ◦C.
ere, a slice of gel (2 cm × 2 cm) was sandwiched between two
arallel stainless steel blocking electrodes and a single potential

mpedance spectrum was measured in the frequency range from
00 kHz to 1 Hz. The obtained spectrum was analysed by the Eco-
hemie Autolab software producing the values of the equivalent
ircuit elements.

The initial electrochemical investigation of prepared polymer
el electrolytes was performed with a gold (BASi, 1.6 mm in diam-
ter) working electrode and a glassy carbon counter electrode.
he solid-state PMMA–Cd–Cd2+ system was used as a reference
lectrode, which was developed in our laboratory for electro-
hemical investigation of liquid and polymer aprotic systems
(PMMA–Cd–Cd2+) = 2.66 V vs. Li/Li+ in propylene carbonate [29].

The electrochemical characteristics on aluminium and copper
ere measured in a vacuum-sealed triplex foil (coffee bag foil) cells

n a two-electrode system. The working electrodes were 16 mm
iscs of copper or aluminium foil, which were covered with the

n situ prepared polymer electrolyte or with a glass wool separator
oaked with the reference liquid electrolyte (DEC/EC–LiBOB). As a
ounter and reference electrode thin lithium foil was used. Cyclo-
oltammetric measurements were performed at 80 ◦C with a scan
ate of 2 mV s−1 in the potential range from +3 to 0 V vs. Li/Li+, when
u substrate was used and in the potential range from +5 to +1 V,
hen Al substrate was used.

. Results and discussion

.1. Physical properties, XRD and SEM analysis

The prepared electrolytes are elastic and homogeneous mem-
ranes of a thickness from 0.5 to 1.0 mm. All used chemicals are
olourless, therefore the prepared membranes are highly transpar-
nt. No phase-to-phase separation (neither solvent exudation nor
alt crystallisation) was observed during storage in an inert atmo-
phere. The samples stored at air became slightly opaque due to the
bsorption of water.

Fig. 1 illustrates the morphology of the surface of PEOEMA–
C–LiBOB electrolyte investigated by scanning electron micro-
cope. Amorphous structure was found in all electrolytes. The
nhomogeneities on Fig. 1 are caused by partial evaporation of the
olvent in vacuum of the microscope chamber. The homogenous
tructure of the polymer electrolytes was confirmed also by the

ptical microscope observation.

Fig. 2 shows the diffraction patterns of LiBOB, PEOEMA
nd PEOEMA–PC–LiBOB electrolyte. The measurements showed
o remaining peaks attributed to LiBOB in the pattern of
EOEMA–PC–LiBOB electrolyte and the PEOEMA polymer itself is
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ig. 1. Typical surface morphology of PEOEMA–PC–LiBOB electrolyte (38:58:4
ol.%) on the SEM image (5000× magnification).

morphous with only weak diffraction peaks at 2� = 8.9◦ and 21◦.
his indicates that the lithium salt is fully dissolved in the structure
f the polymer electrolyte. The peaks of PEOEMA are only slightly
hifted in the presence of PC–LiBOB.

Prepared membranes are well sticky, but do not leave any traces
n glass or electrode after removal. The 180◦ peel tests (following
SO 8510-2:2006) showed very good adhesion of the PEOEMA elec-
rolytes to various substrates (e.g. FTO–WO3 and FTO–V2O5 coated
lasses [28]). Moreover, the in situ polymerisation with aluminium
r copper foil is enhancing the contact between the electrodes and
he electrolyte. A similar method of the in situ preparation was
uccessfully used in the case of the electrochromic device based
n the intercalation principle and employing PEOEMA–PC–LiClO4
olymer electrolyte [28]. The polymer network was partially cross-

inked by dimethacrylate units, what improved the mechanical
roperties and also has a positive effect on the ion mobility at this

evel of cross-linkage (0.3 mol.% of monomer) [27].
The polymer electrolytes with immobilised DEC/EC solvents
ave a typical odour of partially evaporating DEC solvent if the elec-
rolyte is stored in open space. Contrary to that, the electrolytes
ith PC and PC/EC solvents are long-term stable and the solvent
oes not evaporate.

ig. 2. X-ray diffraction patterns of pure LiBOB and PEOEMA and PEOEMA–PC–LiBOB
lectrolyte (45:51:4 mol.%).
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ig. 3. Isothermal dependence of the polymer electrolyte conductivity on the con-
ent of polymer and type of the immobilised solvent PC, PC–EC or DEC–EC (measured
t 70 ◦C).

.2. Impedance and conductivity measurements

The recently used liquid electrolytes with LiBOB achieve the
ighest conductivity about 3 mS cm−1 at room temperature at the
oncentration 0.6–0.7 mol kg−1 (ref. [30,31]). On the other hand, the
inary system PEOEMA–PC is practically non-conductive (below
0−7 S cm−1 at 20 ◦C; ref. [28]). Our task was to optimise the
lectrolyte composition, thus the ratio PEOEMA–solvent–LiBOB.
ollowing the investigation of Jow et al., the concentration of LiBOB
n particular solvents was chosen to be 0.7 mol kg−1 and three
eries of polymer electrolytes were prepared: PEOEMA–PC–LiBOB,
EOEMA–PC/EC–LiBOB and PEOEMA–DEC/EC–LiBOB with decreas-
ng content of the polymer. It is important to stress the fact, the
ot only the absolute concentration of the lithium salt is impor-
ant, but the ratio salt–solvent plays important role because of a
trong tendency of lithium salts to form ion–ion pairs at higher
alt concentrations both in polymer and liquid aprotic electrolytes
27,31].

Decreasing content of the polymer affects the mechanical prop-
rties of the electrolyte (increasing fluidity and elasticity) along
ith an improvement of the conductivity. Fig. 3 presents the depen-
ency of the ionic conductivity at 70 ◦C on the polymer content.
he positive effect on the conductivity is clearly visible while
he conductivity of PEOEMA–PC–LiBOB electrolyte increases from
.4 × 10−4 to 2.1 × 10−3 S cm−1 due to reduction of the polymer
mount used for the electrolyte preparation from 60 to 30 mol.%.
similar improvement was observed also in the case of polymer

lectrolytes with PC/EC and DEC/EC (see Fig. 3). Despite lower con-
ent of polymer, the mechanical properties of the gels with a lower
ontent of PEOEMA remain good and allow the manipulation and
nvestigation. Following the results of the electrolyte composition
ptimisation, for further electrochemical experiments we focused
n the samples with c. 30 mol.% content of PEOEMA.

As we are aiming our further work on the tests with cathodes
perating at temperatures of 60–80 ◦C, we studied the influence

f temperature on the ionic conductivity. Fig. 4 presents the
elationship between the ionic conductivity of prepared polymer
lectrolytes and temperature, the data are plotted in Arrhenius
oordinates (specific conductivity is plotted as a decadic logarithm).
ll three samples exhibit similar conductivity and reach reason-
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ig. 4. Arrhenius plot for PEOEMA electrolytes with PC–LiBOB, PC/EC–LiBOB and
EC/EC–LiBOB (temperature range 25–70 ◦C; for the electrolyte composition see
able 1).

ble values of 1.9–2.4 × 10−3 S cm−1 at 70 ◦C, but also remain above
0−4 S cm−1 at room temperature. Compared to our previously
tudied PEOEMA–PC–LiClO4 [28] we have achieved higher conduc-
ivities both in the within the temperature region (see Table 1).

The obtained data can be fitted with the Vogel–Tamman–
ulcher (VTF) equation in the logarithmic form:

T1/2 = A exp
[ −EA

R(T − T0)

]
(1)

n this particular relationship A is the parameter related to the num-
er of charge carriers, EA is the activation energy for conduction,
is the universal gas constant and T0 the ideal glass transition

emperature indicating the temperature at which the free volume
xtrapolates to zero. The analysis of the experimental conductivity
ata in terms of the VTF relationship leads to the determination of
hree empirical parameters: A, EA and T0, when T0 is determined by
tting the experimental data with relationship (1). The conductivity
ctivation energy corresponds to a slope in the Arrhenius coordi-
ates (see Fig. 4) and explains how conductivity is influenced by
emperature.

Calculated EA values for chosen polymer electrolytes are sum-
arised in Table 1. We can see similar values for all three

lectrolytes, that are lower that the EA for previously studied
EOEMA–PC–LiClO4 electrolyte [27,28]. Our previous investiga-
ions and also the results published by Bohnke [32] and Harris
34] showed, that the conduction activation energy is strongly

ependent on the electrolyte composition, mainly on the ratio
alt–solvent and the lowest values are usually found at the salt con-
entrations, where the conductivity is highest, thus the salt is most
issociated.

p
w
e
d

able 1
pecific conductivities (at 25 and 70 ◦C) apparent activation energy values (EA) and the gla
ontaining LiBOB. For comparison, data for PEOEMA–PC–LiClO4 electrolyte are given from

olymer electrolyte Composition (mol.%) � (25 ◦C) (S cm−

EOEMA–PC–LiBOB 34:62:4 4.6 × 10−4

EOEMA–PC/EC–LiBOB 32:28/36:4 5.0 × 10−4

EOEMA–DEC/EC–LiBOB 34:22/40:4 5.0 × 10−4

EOEMA–PC–LiClO4 48:46:6 1.8 × 10−4
ig. 5. Cyclic voltammograms of the PEOEMA electrolytes with PC–LiBOB,
C/EC–LiBOB and DEC/EC–LiBOB on gold electrode at 5 mV s−1 measured at 25 ◦C
counter electrode glassy carbon, reference electrode PMMA–Cd–Cd2+; for the elec-
rolyte composition see Table 1).

.3. Voltammetrical measurements

Lithium bis(oxalato)borate exhibits excellent cyclability and
lectrochemical stability, especially in the contact with the graphite
nodes, where the reduction of the anion supports formation of a
table solid electrolyte interface (SEI), even in pure propylene car-
onate solutions [19]. This effect principally allows the application
f PC-based electrolytes without any further additives for the SEI
ayer formation, because of the propylene carbonate molecules ten-
ency to co-intercalate into the graphite structure [12,13]. However,
o support the SEI formation we prepared also the polymer elec-
rolytes with PC/EC and DEC/EC solvents, as ethylene carbonate
s used as a SEI-forming co-solvent in usual lithium-ion batteries
14,16,33].

The initial voltammetrical measurements of prepared elec-
rolytes were done on gold electrode, where its higher catalytic
ctivity should show the electrochemical behaviour close to the
hermodynamic limit. Fig. 5 shows the cyclic voltammograms of
repared PEOEMA electrolytes. At the potential from −1 to −1.1 V
s. Cd/Cd2+ of the first scan we found an irreversible cathodic
ave followed at −2.6 V vs. Cd/Cd2+ by deposition of lithium. In

onsequent scans the character of the voltammogram remains
nchanged. The cathodic wave at −1 V can be attributed to for-
ation of a protective layer on the surface of the gold electrode

imilarly to the regular SEI layer formed on materials used in
ithium-ion batteries.

The split of the anodic peak of lithium oxidation into two

eaks at −2.1 and −1.9 V is difficult to be explained, however it
as already observed by some authors on stainless steel or gold

lectrodes. Aurbach et al. distinguishes between the lithium bulk
issolution and later decomposition of the Li–Au alloy and even

ss transition temperatures determined by DSC (Tg) of studied polymer electrolytes
[29].

1) � (70 ◦C) (S cm−1) EA (kJ mol−1) Tg (◦C)

2.1 × 10−3 27.2 −96.2
1.9 × 10−3 25.4 −96.4
2.4 × 10−3 25.1 −80.8
7.0 × 10−4 32.3 −78.0
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ig. 6. Cyclic voltammograms of the PEOEMA–PC–LiBOB (52:45:3 mol.%) polymer
lectrolyte and PC–LiBOB and DEC/EC–LiBOB liquid electrolytes (both 0.7 m) on
luminium (A) and copper (B) 2 mV s−1 measured at 80 ◦C.

tripping of lithium UPD [35,36]; Croce et al. suggests, that the
econd peak is corresponding to the stripping of an intermetallic
ompound between the deposited lithium and the substrate [37];
haix et al. presents similar results [38].

The impedance measurements before and after cycling did not
how any increase of the interfacial resistivity, concluding, that no
on-conductive layer is formed. The investigation of the anodic sta-
ility limit showed, that the electrolytes are stable up to 5.1 V vs.
i/Li+.

However the voltammetrical measurements on the inert elec-
rodes help to understand the processes connected with the
unction of the electrolyte, the electrochemical behaviour of
he electrolyte with commonly used current collectors in the
ithium-ion batteries (copper for the anode and aluminium for the
athode) is necessary. Fig. 6A and B show similar behaviour of

EOEMA–PC–LiBOB and common DEC/EC–LiBOB electrolyte both
n copper and aluminium foil measured at 80 ◦C. The lower cur-
ent observed on the voltammogram of polymer electrolyte can
e explained either by lower conductivity of the electrolyte or by
verall lower reactivity.

m

b
i
f

ig. 7. TGA curves for PEOEMA polymer electrolytes with PC–LiBOB, PC/EC–LiBOB,
EC/EC–LiBOB gel electrolytes and of PEOMA–PC binary system (5 ◦C min−1 heat-

ng rate, temperature range 30–380 ◦C; argon atmosphere); inserted: TGA curves
easured 100 min at constant temperature of 70 ◦C.

.4. Thermal stability

Concerning applications, thermal stability is another principal
arameter to be considered along with electrochemical and long-
erm stability and reasonable conductivity. Fig. 7 shows TGA of the
amples with different carbonates. The weight loss was found less
han 5 wt.% up to 110 ◦C for the electrolytes with PC and PC/EC. This
hange can be explained as a partial evaporation of the immobilised
olvent. In the case of PEOEMA–DEC/EC–LiBOB was the weight loss
igher, 7.5 wt.% due to higher volatility of DEC. On the other hand,
he isothermal TGA done at 70 ◦C showed, that the electrolyte with
EC/EC electrolyte is losing less solvent than the other samples.

n comparison with common liquid electrolytes, the weight loss is
uppressed by present polymer.

It is well known that methacrylates decompose in two exother-
ic reaction processes: degradation of the polymer end groups

240–280 ◦C) and total decomposition of the monomer units (above
10 ◦C). As LiBOB is decomposing irreversibly at 290–300 ◦C (ref.
39]), the degradation of the electrolytes is practically (97 wt.%) fin-
shed at 340–350 ◦C, similarly to results published by Grillone [40].
owever, the present salt is partially retarding the decomposition
f the electrolyte at temperatures above 200 ◦C (see Fig. 7). Con-
idering the safety reasons and proposed electrolyte application at
emperatures about 70–80 ◦C, the electrolyte thermal stability is
ufficiently high.

. Conclusions

Polymer gel electrolytes consisting of poly(2-ethoxyethyl
ethacrylate, lithium bis(oxalato)borate and different aprotic sol-

ents (propylene carbonate, ethylene carbonate and dimethyl
arbonate) have been prepared as desirable electrolytes for lithium-
on batteries operating at elevated temperatures (70 ◦C). The
lectrolytes have been characterised by X-ray diffraction, scanning
lectron microscopy, impedance spectroscopy, voltammetry, ther-

ogravimetric analysis and differential scanning calorimetry.
The composition of the electrolyte was optimised to achieve

oth good mechanical and electrochemical properties. The max-
mum value of the ionic conductivity is 2.4. 10−3 S cm−1 at 70 ◦C
or PEOEMA–DEC/EC–LiBOB (34: 22/40: 4 mol.%) sample. The elec-
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rochemical stability toward oxidation of all prepared electrolytes
as found up to 5.1 V vs. Li/Li+. Studied polymer electrolytes exhibit
igher electrochemical and thermal stability compared to the con-
entional liquid electrolytes such as DEC/EC–LiBOB.

cknowledgements

This research was supported by the Academy of Sciences
Research Plan AV0Z40320502), the Grant Agency of the Academy
f Sciences (grant no. KJB400320701) and by the Ministry of Edu-
ation, Youth and Sports, Czech Republic (project MSMT LC523,
roject MEB 090806 and project MSM 0021620857).

eferences

[1] D.E. Fenton, J.M. Parker, P.V. Wright, Polymer 14 (1973) 589.
[2] M.B. Armand, Solid State Ionics 9–10 (1983) 745, see also references therein.
[3] Y. Ikeda, M. Ikeda, F. Ito, Solid State Ionics 169 (2004) 35.
[4] K. Noda, T. Yasuda, Y. Nishi, Electrochim. Acta 50 (2004) 243.
[5] T. Ren, X. Huang, X. Tang, Mater. Lett. 57 (2003) 1863.
[6] P.E. Trapa, M.H. Acar, D.R. Sadoway, A.M. Mayes, J. Electrochem. Soc. 152 (2005)

2281.
[7] D.W. Kim, J.M. Ko, J.H. Chun, J. Power Sources 93 (2001) 151.
[8] H.S. Kim, J.H. Shin, S.I. Moon, M.S. Yun, J. Power Sources 119–121 (2003) 482.
[9] Y.F. Zhou, S. Xie, C.H. Chen, J. Mater. Sci. 41 (2006) 7492.
10] Y.F. Zhou, S. Xie, X.W. Ge, C.H. Chen, K. Amine, J. Appl. Electrochem. 34 (2004)

1119.
11] D.Y. Zhou, G.Z. Wang, W.S. Li, G.L. Li, C.L. Tan, M.M. Rao, Y.H. Liao, J. Power

Sources 184 (2008) 477.

12] G.E. Blomgren, J. Power Sources 81–82 (1999) 112.
13] G.C. Chung, H.J. Kim, S.I. Yu, S.H. Jun, J.W. Choi, M.H. Kim, J. Electrochem. Soc.

147 (2000) 4391.
14] S. Tobishima, A. Yamaji, Electrochim. Acta 29 (1984) 267.
15] D. Aurbach, K. Gamolsky, B. Markovsky, Y. Gofer, M. Schmidt, U. Heider, Elec-

trochim. Acta 47 (2002) 1423.

[

[

[

urces 189 (2009) 133–138

16] C. Korepp, H.J. Santner, T. Fujii, M. Ue, J.O. Besenhard, K.-C. Möller, M. Winter, J.
Power Sources 158 (2006) 578.

17] W. Xu, C.A. Angell, Electrochem. Solid-State Lett. 4 (2001) E1.
18] K. Xu, S. Zhang, T.R. Jow, W. Xu, C.A. Angell, Electrochem. Solid-State Lett. 5

(2002) A26.
19] K. Xu, S. Zhang, B.A. Poese, T.R. Jow, Electrochem. Solid-State Lett. 5 (2002)

A259.
20] G.B. Appetecchi, D. Zane, B. Scrosati, J. Electrochem. Soc. 151 (2004) A1369.
21] N.A.A. Rossi, Z. Zhang, Y. Schneider, K. Morcom, L.J. Lyons, Q. Wang, K. Amine,

R. West, Chem. Mater. 18 (2006) 1289.
22] J.Y. Song, Y.Y. Wang, C.C. Wan, J. Power Sources 77 (1999) 183.
23] T. Tatsuma, M. Taguchi, N. Oyama, Electrochim. Acta 46 (2001) 1201.
24] P. Georén, G. Lindbergh, J. Power Sources 124 (2003) 213.
25] A. Nytén, A. Abouimrane, M. Armand, T. Gustafsson, J.O. Thomas, Electrochem.

Commun. 7 (2005) 156.
26] R. Dominko, M. Bele, M. Gaberscek, A. Meden, M. Remskar, J. Jamnik, Elec-

trochem. Commun. 8 (2006) 217.
27] J. Reiter, J. Michálek, J. Vondrák, D. Chmelíková, M. Přádný, Z. Mička, J. Power
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29] J. Reiter, J. Vondrák, Z. Mička, Solid State Ionics 177 (2007) 3501.
30] M.S. Ding, K. Xu, T.R. Jow, J. Electrochem. Soc. 153 (2005) A132.
31] M.S. Ding, T.R. Jow, J. Electrochem. Soc. 151 (2004) A2007.
32] O. Bohnke, G. Frand, M. Rezrazi, C. Rousselot, C. Truche, Solid State Ionics 66

(1993) 105.
33] J.O. Besenhard, M. Winter, J. Yang, W. Biberacher, J. Power Sources 54 (1995)

228.
34] C.S. Harris, T.G. Rukavina, Electrochim. Acta 13–14 (1995) 2315.
35] D. Aurbach, M. Daroux, P. Faguy, E. Yeager, J. Electroanal. Chem. 297 (1991) 225.
36] D. Aurbach, Y. Talyosef, B. Markovsky, E. Markevich, E. Zinigrad, L. Asraf, J.S.

Gnanaraj, H.J. Kim, Electrochim. Acta 50 (2004) 247.
37] F. Croce, F. Gerace, G. Dautzemberg, S. Passerini, G.B. Appetecchi, B. Scrosati,

Electrochim. Acta 39 (1994) 2187.

38] N. Chaix, F. Alloin, J.P. Bélières, J. Saunier, J.Y. Sanchez, Electrochim. Acta 47

(2002) 1327.
39] E. Zinigrad, L. Larush-Asraf, G. Salitra, M. Sprecher, D. Aurbach, Thermochim.

Acta 457 (2007) 64.
40] A.M. Grillone, S. Panero, B.A. Retamal, B. Scrosati, J. Electrochem. Soc. 146 (1999)

27.


	Ion-conducting lithium bis(oxalato)borate-based polymer electrolytes
	Introduction
	Experimental
	Polymer electrolyte preparation
	Electrolyte characterisation

	Results and discussion
	Physical properties, XRD and SEM analysis
	Impedance and conductivity measurements
	Voltammetrical measurements
	Thermal stability

	Conclusions
	Acknowledgements
	References


