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a b s t r a c t

We demonstrate herewith the application of in situ one-shot free radical photo-polymerisation (UV-
curing) process to incorporate room temperature ionic liquids (RTILs) into polymer membranes which
can be used as electrolytes for lithium-based batteries. The reactive formulation for the preparation
of the polymer membranes was based on a dimethacrylic oligomer (BEMA). The polymer electrolyte
membranes were synthesized by UV radiating a mixture of BEMA and a proper radical photo-initiator
eywords:
V-curing
imethacrylate
oom temperature ionic liquid
hermal stability
onic conductivity
ithium cell

with different compositions of 1-ethyl-3-methylimidazolium bis(perfluoroethylsulfonyl)imide [EMIPFSI]
and, additionally, LiTFSI as lithium source.

Stable and flexible polymer films with good mechanical integrity can easily be produced with varying
the EMIPFSI content by using this method. Remarkable values of ionic conductivity were obtained even
at ambient temperature. Galvanostatic charge/discharge cyclability tests were performed on the poly-
mer electrolyte membranes by constructing a cell using LiFePO4 as cathode and Li metal as anode. The
preliminary results are interesting, exhibiting good reversibility and cyclability.
. Introduction

Recent years have witnessed more and more efforts devoted
owards the improvement of specific properties of electrochemi-
al devices, such as rechargeable lithium-based batteries, in view
f their possible application in the automotive field and portable
nergy sources. Beyond the others, rechargeable lithium batteries,
hich are generally formed by a lithium metal anode, a separa-

or containing the electrolyte and a metal oxide cathode capable
f reversibly intercalating/de-intercalating Li+ ions, represent an
xcellent choice for electrochemical power sources characterized
y high energy and/or power density, good cyclability and relia-
ility [1–3]. Recent advances in lithium cells concern the use of
olymer electrolytes and ionic liquids.

An ionic liquid is a liquid that contains only ions. In the broad
ense, the term represents all molten salts, for instance sodium
hloride which is liquid at temperatures higher than 800 ◦C. Today,
owever, the term “ionic liquid” is commonly used for salts whose

elting point is relatively low (below 100 ◦C). In particular, the salts

hat are liquid at room temperature are called room temperature
onic liquids (RTILs): they have arisen surge of interest as green
olvents [4,5]. These novel class of liquids are being used as envi-
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ronmental benign media in a plethora of applications, including
the electrochemistry field. In recent years, RTILs with perfluoro
alkyl groups and organic cations have been suggested for bat-
tery electrolyte applications due to their wide electrochemical
stability window [6–9]. In some cases RTILs have conductivities
of ≥10−2 S cm−1 at 25 ◦C with excellent electrochemical stability.
Unlike conventional liquid solvents, RTILs have negligible vapour
pressure. The absence of volatiles greatly improves the safety char-
acteristics of a battery.

The use of ionic liquids, which are hydrophobic and non-volatile,
will effectively help in putting an end to many problems associated
with the current lithium-based battery systems, mainly due to the
presence of water and to the volatile nature of the solvent. However,
as Li-based battery requires Li+ ions to be transported between the
anode and the cathode, if ionic liquids are to be used as electrolytes,
they must be further doped with a highly hygroscopic Li salt, so the
preparation of such electrolytes remains a serious challenge. The
RTILs doped with a suitable LiX salt, where X can be preferably
of the same anion, may then be incorporated into a flexible, thin
membrane to form a battery electrolyte [6,7,9].

Lithium is an undisputed choice as an anode, but when used with

liquid electrolytes, the metal is unevenly redeposited in the form
of dendrites, leading to inherently unsafe cells with a short lifetime
[1]. This is mainly due to current non-homogeneities induced by the
passivation layer present on the surface of lithium metal. The use
of dry/solid polymer electrolytes is a straightforward approach to

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:claudio.gerbaldi@polito.it
dx.doi.org/10.1016/j.jpowsour.2009.09.047
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Table 1
Description of the polymer electrolyte membranes containing different proportions
of RTILs. In all cases, the percentage of radical photo-initiator added was 3 wt.%.

Sample BEMA EMIPFSI LiTFSI
C. Gerbaldi et al. / Journal of Po

vercome this problem, and UV-curing is a facile method to obtain
olymer electrolyte membranes.

Free radical photo-polymerisation (UV-curing) is a well-
stablished polymerisation technique, taking place at room
emperature under UV-radiation. This technique has an edge over
onventional routes as it gives freedom to polymer chemists to
esign polymeric networks and to tune their final properties [10]. It

s versatile, easy to use, fast and environmentally friendly, as energy
onsumption is low and there is no emission of volatile organic
ompounds, as the use of solvent is almost avoided. In fact, highly
ross-linked polymers are readily synthesized by the irradiation of
ppropriate formulations of mono and multifunctional monomers,
amely dimethacrylates, in the presence of a proper free radical
hoto-initiator [11–13].

In our previous articles, we have illustrated and discussed about
he application of free radical photo-polymerisation to prepare

ethacrylic-based polymer electrolyte membranes which can be
sed as electrolytes for lithium battery application [12–14]. In
he present communication, ionic conductivity and safety aspects
f these highly cured methacrylic-based 3D network polymer
lectrolytes have been optimised by replacing the conventional
lectrolyte solvents (e.g., ethylene carbonate, propylene carbon-
te, diethyl carbonate, etc.) by the EMIPFSI room temperature ionic
iquid (RTIL). Moreover, the promising perspectives of such kind
f polymer electrolyte membranes in the field of lithium-based
atteries are illustrated by the experimental data reported on the
lectrochemical response of a laboratory-scale lithium polymer
ell.

. Experimental

.1. Synthesis

The room temperature ionic liquid 1-ethyl-3-
ethylimidazolium bis(perfluoroethylsulfonyl)imide [EMIPFSI]
as prepared by using a previously reported method and it was

btained as a transparent liquid [15,16]. 1-Methylimidazole was
btained from HiMedia (India) while ethyl bromide and cyclo-
exane used were of reagent grade; ethyl acetate and isopropyl
lcohol were used as received from Merck India Ltd. Lithium
is(perfluoroethylsulfonylimide) [LiPFSI] salt, kindly supplied by
M (USA), was dried under vacuum at 120 ◦C overnight before
se. 1-Ethyl-3-methyl imidazolium bromide [EMIBr] was first
repared by a metathesis reaction, reacting 1-methylimidazole
ith ethyl bromide at 80 ◦C for 24 h, and it was recrystallised

wice. Metathesis is a bimolecular process involving the exchange
f bonds between the two reacting chemical species, which results
n the creation of products with similar or identical bonding
ffiliations [17]. Finally, the anion exchange reaction was carried
ut, from Br− to bis(perfluoroethylsulfonyl)imide, by heating an
quimolar mixture of EMIBr and LiPFSI salt and, finally, filtered
hrough activated alumina to give an anhydrous, highly pure,
olourless liquid of EMIPFSI.

The reactive formulation for the preparation of the polymer
embranes was based on a dimethacrylic monomer, i.e. Bisphe-

ol A ethoxylate (15 EO/phenol) dimethacrylate (BEMA, average
n = 1700, Aldrich). The polymer electrolyte membranes were syn-

hesized by mixing BEMA and a proper radical photo-initiator (i.e.,
-hydroxy-2-methyl-1-phenyl-1-propanone, Darocur 1173, Ciba
pecialty Chemicals) with the EMIPFSI as RTILs and using lithium

is(trifluoromethane) sulfonimide (LiTFSI, Ferro Corp., USA, battery
rade) as an additional ions (lithium) source. The mixture was later
rawn into a film and exposed to UV-radiation for approx. 3 min,
onsisting of 2 steps each of 90 s. The final thickness of the film was
bout 200 �m (measured with a Vernier digital calibre). The photo-
ILBM-50 40 50 10
ILBM-60 30 60 10
ILBM-70 20 70 10

chemical curing was performed by using a medium vapour pressure
Hg UV lamp (Helios Italquartz, Italy), with a radiation intensity
on the surface of the sample of 28 mW cm−2. For this process, the
samples were held under a pure N2 atmosphere in small sealed
boxes equipped with a quartz window. These conditions assured
maximum curing (disappearance of the methacrylic double bonds,
checked by FT-IR). This method is facile and reproducible: stable,
flexible, transparent polymer films of varying RTILs content can
easily be obtained.

In this work we are reporting our preliminary results on three
different polymer electrolyte membranes prepared by mixing
BEMA with different compositions of EMIPFSI, while the percent-
age of LiTFSI was fixed at 10 wt.%. The different compositions used
for producing the membranes are described in Table 1. The radical
photo-initiator was added to any formulation at 3 wt.%.

2.2. Analyses and membrane characterisation techniques

The kinetics of the photo-polymerisation process was investi-
gated by using FT-IR spectroscopy (NICOLET-5700 Real-Time FT-IR
instrument, which collects the spectra in real time, while the
sample is irradiated by UV light), following the decrease in the
area of the band attributable to the acrylic/methacrylic groups
at 1630 cm−1. The tests were carried out at ambient tempera-
ture on a UV transparent SiC wafer by irradiating the mixtures
of monomers for 3 min. The UV lamp used was Lightning curve
LC-8 with an intensity of 15–16 mW cm−2. The intensity of UV
lamp was measured using a ORIEL photometer. Differential scan-
ning calorimetry (DSC) measurements were used to determine the
glass transition temperature (Tg) of the polymer membranes; they
were performed on a METTLER-DSC30 (Greifensee, Switzerland)
instrument equipped with a low temperature probe in the range
of −140 to 100 ◦C, at a heating rate of 10 ◦C min−1. The thermal
stability of the samples was tested in the temperature range of
25–600 ◦C by thermo-gravimetric analysis using a TGA/SDTA-851
instrument (METTLER, Switzerland) under N2 flux at a heating rate
of 10 ◦C min−1.

2.3. Electrochemical characterisation techniques

The ionic conductivity of the polymer electrolyte membranes
at various temperatures was determined by electrochemical
impedance spectroscopy (EIS) analysis of test cells formed by
sandwiching discs of 0.785 cm2 of the given membrane between
two stainless-steel 316 (SS-316) blocking electrodes. The cells,
at open circuit, were housed in a temperature controlled
oven. A PARSTAT-2273 potentiostat/galvanostat/F.R.A. (Frequency
Response Analyser) instrument (Princeton Applied Research, USA)
was employed for measurements over a 1 Hz to 100 kHz fre-
quency range. The resistance of the electrolyte was given by the
high-frequency intercept determined by analysing the impedance
response using a fitting program provided with the Electro-

®
chemistry PowerSUITE software (version 2.58, Princeton Applied
Research, USA).

The polymer electrolyte membranes were tested for interfacial
stability with the lithium metal electrode by monitoring the evolu-
tion in time of the impedance response of a symmetrical Li/polymer
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ig. 1. Structure of 1-ethyl-3-methylimidazolium bis(perfluoroethylsulfonyl)imide
EMIPFSI] room temperature ionic liquid.

lectrolyte membrane/Li cell at open circuit potential and room
emperature.

The anodic breakdown voltage was evaluated by running a
weep voltammetry in a 2-electrodes Teflon-made Swagelok cell.
cetylene black on Al current collector and Li metal as work-

ng and counter electrodes, respectively, and the given membrane
s electrolyte was the cell configuration adopted (potential scan
ange from O.C.V to 5.5 V vs. Li; potential scan rate used was
.100 mV s−1). Under these conditions, the onset of the current was
ssumed to indicate the decomposition voltage of the electrolyte
18].

A lithium polymer cell was assembled by using a lithium metal
isk anode, a layer of the polymer electrolyte membrane and a
iFePO4/C disk composite cathode (electrode area: 0.785 cm2) as
n the order. The latter (LiFePO4/C) was prepared in the form of
hin film by spreading on an aluminium (Al) current collector, by
he so-called “doctor blade” technique, a N-methyl-2-pyrrolidone
NMP, Aldrich) slurry of the LiFePO4 active material (90 wt.%,
ypically about 3.5 mg cm−2) with carbon black as electronic con-
ucting additive (6 wt.%, Shawinigan Black AB50, Chevron Corp.,
SA) and poly(vinylidene fluoride) as binder (4 wt.%, PVdF, Solvay
olef 6020). High surface area nanostructured LiFePO4/C was syn-
hesized by mild hydrothermal synthesis in the presence of an
rganic surfactant following the procedure reported in Meligrana et
l. [19]. The electrodes/electrolyte assembly was housed in a Teflon-
ade Swagelok cell equipped with two SS-316 current collector

lectrodes. Both electrode fabrication and assemblage of the cell
rototypes were performed in an environmentally controlled Ar-
lled dry glove box (MBraun Labstar, [O2] and [H2O] ≤ 0.1 ppm).
he electrochemical performances were investigated at 45 ◦C in
erms of charge/discharge galvanostatic curves at different current
egimes, rate capability and cycle life using an Arbin Instruments
odel BT2000 – Battery Testing System.

. Results and discussion

.1. Materials

EMIPFSI is a novel ionic liquid which is extremely hydrophobic,
as improved thermal stability and shows no reactivity towards
ater or air. It is thermally stable to temperatures exceeding

50 ◦C, and it has electrochemical potential window of 4.2 V, den-
ity 1.579 g cm−3, with an ionic conductivity value of >1 mS cm−1

t ambient temperature [15,16]. Its structure is depicted in Fig. 1.
The relatively high hydrophobicity of EMIPFSI is attributed to

he fluorinated anion, which can prevent the absorption of water.
his is due to the larger and more electronegative nature of the
uoroethyl group than its fluoromethyl counterpart. This anion is
lso non-reactive towards Al, which is the most commonly used
urrent collector in lithium-based battery systems. The PFSI− anion

lso holds strong dipole interactions due to the presence of the
uorine atoms which would furthermore prevent the absorption
f water.

Bisphenol A ethoxylate (15 EO/phenol) dimethacrylate (BEMA)
s a UV-curable difunctional oligomer. It can be readily polymerised
ources 195 (2010) 1706–1713

by free radical photo-polymerisation to obtain a highly cross-linked
membrane with a complete conversion of the methacrylic dou-
ble bonds [12]. The mechanism involved is a free radical one and
the initiating reaction is due to the photosensitive species I able
to generate radicals R*, which in turn react with the monomer M,
according to the following scheme:

Initiation : I
hv−→R ∗ M−→RM∗

In this work, the photo-initiator was a benzoin ether deriva-
tive which generates radicals by a intramolecular scission; M is the
dimethacrylate BEMA whose propagation reaction leads to a three-
dimensional network as sketched below:

The 3D network obtained is flexible, as its Tg is low, and, at the
same time, it is resistant up to 300 ◦C. Such a highly cross-linked
thermo-set polymer network can efficiently hold the RTIL: it con-
tains many ethoxy groups which can help the transport of Li+ ions
through the matrix [12].

3.2. Polymer electrolyte membranes characterisation

The formulations described in Section 2.1, obtained by incor-
porating the oligomer BEMA, the EMIPFSI – RTIL and the LiTFSI
salt with a proper photo-initiator, upon exposure to UV irradia-
tion, formed almost transparent, self-standing, extremely flexible
and non-sticky membranes: Fig. 2 shows the appearance of the
ILBM-60 polymer electrolyte membrane (representative for all the
samples prepared).

The characterisation of the UV-cured polymer electrolyte
membranes included the evaluation of the conversion of the photo-
polymerisation process by means of FT-IR, the determination of the
glass transition temperature (Tg) by differential scanning calorime-
try and the determination of the thermal stability by means of
thermo-gravimetric analyses.
The rate of conversion of the reactive mixtures into polymer
membranes (kinetics of the photo-polymerisation reaction) was
followed by real-time FT-IR spectroscopy, monitoring the disap-
pearance of the methacrylic double bonds under UV-radiation.
These tests were carried out on the reactive mixtures prepared
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To demonstrate the possible application as electrolyte for
ig. 2. Self-supporting polymer electrolyte membrane obtained by one-shot photo-
olymerisation of the monomer BEMA with 60 wt.% of EMIPFSI and 10 wt.% of LiTFSI
ia UV irradiation (ILBM-60).

ith the addition of various amounts of EMIPFSI. In all the cases,
he reactivity was very high in the initial stages of the UV-curing
nd it reached its maximum very rapidly. The result for the ILBM-
0 membrane is depicted in Fig. 3 and it showed that the rate of
olymerisation was very fast, with a quantitative conversion of the
ethacrylic double bonds reached in about 120 s. This result is rep-

esentative for all the polymer electrolyte membranes prepared: in
act, the experimental analysis performed on all the reactive mix-
ures showed that the addition of different amounts of RTIL did not
nfluence the rate of photo-polymerisation to a great extent.

Fig. 4 shows the differential scanning calorimetry curves,
btained in the −140 to 120 ◦C range, for the membranes pre-
ared with different amounts of EMIPFSI. The value of Tg for the

LBM-50 membrane (denotes 50 wt.% of EMIPFSI) was detected to
e around −38.6 ◦C, indicating that at room temperature the poly-
er membrane is in a rubbery state. Tg was further reduced to very

ow values as the RTILs content was increased. As a result, ILBM-
0 (i.e., 60 wt.% of EMIPFSI) showed a Tg of −45.1 ◦C, and a very

◦
ow value of −59.3 C was observed for ILBM-70 (i.e., 70 wt.% of
MIPFSI). Though the Tg was far below ambient temperature, the
embranes were self-withstanding, at the same time extremely

exible and easy to handle. The lowering of the Tg by increasing
he EMIPFSI content guarantees a higher flexibility in the poly-

ig. 3. Methacrylic double bonds conversion of the ILBM-60 reactive mixture (rep-
esentative for all the samples prepared), checked by real-time FT-IR spectroscopy
s a function of the irradiation time.
Fig. 4. DSC curves of ILBM-50 (solid line), ILBM-60 (dash line) and ILBM-70 (dot line)
polymer electrolyte membranes prepared with the addition of different amounts of
EMIPFSI RTIL.

mer chains which will ultimately give more free path for Li+ ions
migration.

The thermal stability of the samples was evaluated by thermo-
gravimetric analysis under nitrogen flux and the results are shown
in Fig. 5. In our earlier communication (i.e., Nair et al. [12]), we have
shown that the thermal stability of methacrylic-based membranes
was reasonably high, and the weight loss was less than 10 wt.%
up to 250 ◦C. The addition of RTILs did not influence the polymer
thermal stability to a great extent. On the contrary, it was also
observed that an increase in EMIPFSI content improved the thermal
stability of the membranes (see ILBM-70, dot line, with respect to
ILBM-50 and ILBM-60, solid and dash lines in Fig. 5, respectively).
These results indicate that the obtained polymer electrolyte mem-
branes are potential candidate to be safely used in lithium polymer
batteries at high temperatures, i.e. up to 200 ◦C.

3.3. Electrochemical measurements
lithium polymer batteries, ILBM series of polymer electrolyte mem-
branes based on lithium salt doped RTILs were tested in terms
of their general electrochemical properties. AC impedance spec-
troscopy was used to access the ionic conductivity, the time

Fig. 5. Thermo-gravimetric analysis in the temperature range between 25 and
750 ◦C under N2 flux of the three different polymer electrolyte membranes prepared:
ILBM-50 (solid line), ILBM-60 (dash line) and ILBM-70 (dot line).
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layer depth, the layer characteristics stabilise giving a lower and
constant value of the interfacial resistance.

In our case, it can be observed that there was an increase in the
interfacial resistance within the first days of storage, indicating an
ig. 6. Ionic conductivity as a function of temperature of the prepared polymer elec-
rolyte membranes (ILBM-50, ILBM-60 and ILBM-70). Data obtained by impedance
pectroscopy.

ependent resistance of the polymer electrolyte membranes and
he interfacial stability vs. lithium metal. Anodic breakdown volt-
ge and galvanostatic charge/discharge cycles were also carried out
o complete the electrochemical testing.

Fig. 6 illustrates the Arrhenius plots, i.e. ionic conductivity
s a function of the temperature for the different samples pre-
ared. The graphs exhibited the typical Vogel–Tamman–Fulcher
VTF) curvature associated with amorphous materials. The VTF
Vogel–Tamman–Fulcher) relation describes the transport proper-
ies in a viscous matrix [20–22]. At sufficiently high temperatures,
s in the present investigation studies, the VTF behaviour
pproaches the Arrhenius behaviour [12]. The ILBM-50 mem-
rane showed a quite low value of ionic conductivity of about
.1 × 10−5 S cm−1 at room temperature, which is due to the low
TILs content in the sample. Ionic conductivity value increased
ith temperature, and demonstrated values of 1.7 × 10−4 S cm−1

t 50 ◦C and 8.0 × 10−4 S cm−1 at 80 ◦C. It is important to note
hat all impedance spectra obtained in the selected temperature
ange were linear, with no sign of high-frequency semicircles
hich could indicate lack of gel homogeneity due to crystalline
hase separation. The ionic conductivity of the polymer electrolyte
embranes increased by increasing the ionic liquid content, result-

ng in appealing values of 1.9 × 10−4 S cm−1 at room temperature,
.0 × 10−4 S cm−1 at 50 ◦C and 3.0 × 10−3 S cm−1 at 80 ◦C for the
ample ILBM-60. As expected, the ILBM-70 membrane showed the
ighest values of ionic conductivity, i.e. 5.3 × 10−4 S cm−1 at room
emperature, 1.8 × 10−3 S cm−1 at 50 ◦C and 4.5 × 10−3 S cm−1 at
0 ◦C. Thus, there was a marked enhancement in the ionic conduc-
ivity values by increasing the amount of RTILs from 50 to 60 wt.%,
hile moving from ILBM-60 to ILBM-70 the improvement was not

o drastic. The comparative investigation of membranes conduc-
ivities and salt/ILs solutions conductivities (under study at the

oment) could be certainly important to get a deeper insight on
he topic.

In addition to high ionic conductivity, these prepared ILBM poly-
er electrolyte membranes compasses of RTILs demonstrated a

igh anodic breakdown voltage, which is an appealing property in
iew of practical battery application. This is shown in Fig. 7 which
llustrates the current–voltage response of the ILBM-60 membrane

representative for all the samples discussed, which demonstrate
omparable anodic stability values). Data were obtained in the volt-
ge range between O.C.V. and 5.5 V vs. Li at room temperature by
inear sweep voltammetry. It is worth observing that the plateau is
ery flat and straight; this very low residual current level prior to
ources 195 (2010) 1706–1713

breakdown voltage, with no peaks in the lower voltage range, con-
firms the high purity of both the prepared membranes and relative
materials and the synthesis method adopted for their prepara-
tion, because the system as a whole is sensitive to oxygen, water
and other impurities. The onset of the current during scanning
would indicate an anodic breakdown voltage of about 4.5 V vs. Li.
This value, similar for all the three polymer membranes prepared,
showed that all samples have a good anodic stability. However, it is
interesting to note that the real marked and rapid current increase,
tied to the electrolyte decomposition, takes place at higher poten-
tial for all samples (i.e., >5.2 V vs. Li). An electrolyte with such an
extended anodic stability would represent a very important result
in view of a possible practical application in high voltage battery.
Thus, investigations on the nature of the process causing the shoul-
der before 5.2 V vs. Li, to ascertain that there is no connection to the
electrolyte decomposition, are under development.

As for the stability vs. storage time, the results obtained in terms
of the time evolution of the impedance responses (not showed
here), evaluated in a Stainless Steel/ILBM-60/Stainless Steel sym-
metrical cell at O.C.V. at 45 ◦C, demonstrate that the membrane was
able to retain its high ionic conductivity for more than 1 month.
In fact, no losses of RTILs and/or phase separation occurred (no
shifts of the real axis intercepts and deviation from linearity were
observed).

The interfacial stability towards the lithium metal electrode at
ambient temperature is not at the level of the remarkable prop-
erties just recalled. The impedance response of the Li/ILBM-60/Li
symmetrical cell at progressively longer contact periods of time
under open circuit voltage (O.C.V.) conditions at ambient temper-
ature is shown in Fig. 8. The impedance response evolved as an
elongated semicircle containing the charge transfer process and the
passivation layer formation. The real component of the impedance
at the lowest frequency is representative of the Li/electrolyte
interfacial resistance, being the combination of electrolyte, charge
transfer and passivation layer resistances [12,23,24]. The observed
variations of the interfacial resistance in time are due to the passi-
vation layer modification with time. As a general behaviour, after
a first enhancement of the impedance, due to the increase of the
Fig. 7. Current–voltage curves at 25 ◦C of the ILBM-60 polymer electrolyte mem-
brane. Cell configuration adopted: acetylene black carbon over Al current collector
as working electrode, Li metal as counter electrode and the given membrane as
separator. Anodic potential scan range from O.C.V to 5.5 V vs. Li at 0.100 mV s−1.
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reported in Figs. 10 and 11.
Fig. 10 shows the galvanostatic charge and discharge profiles

at C/10 current regime with respect to the LiFePO4 cathode (theo-
retical specific capacity ∼=170 mAh g−1) after 10 cycles. The charge
and discharge step average potential values (i.e., approx. 3.5 and
ig. 8. Time evolution of the impedance spectra (upper layer, A) and Nyquist plots
lower layer, B) of a Li/ILBM-60/Li symmetrical cell, stored under O.C.V. conditions at
mbient temperature. Electrode area: 0.785 cm2. Frequency range: 1 Hz to 100 kHz.

ncrease in the thickness of the passivation layer. The initial (day
) low frequency real part impedance value reported in the upper
lot was surely high, but it reduced with time and stabilised very
oon to a value below 15,000 � within 10 days. On the contrary,
he variation with time of the electrolyte resistance (i.e., the high-
requency real part impedance value) was almost negligible at room
emperature, pointing towards that the RTIL embedded into the
olymer network does not lose its properties because of the non-
olatile nature of the RTIL, and it shows good compatibility with
ithium metal.

Moreover, as it can be found in the literature [23,24], the inter-
acial resistance values are very much affected by the temperature
nd, in most of the cases, satisfying values can only be obtained at
igher temperatures. We verified that this was true even for our
embranes: in fact, when the temperature was raised to 45 ◦C the

eal part of the low frequency impedance lowered by twofold, while
he total interfacial resistance showed a fivefold lowering, even
ecreasing with time and stabilising very soon. This is the reason
hy we have carried out our lithium polymer cell electrochemical

ests at 45 ◦C.

.4. Electrochemical response of a polymer electrolyte membrane
n a Li polymer cell

Experimental investigations, carried out on a large number
f membranes of different compositions, pointed out that the
mount of RTILs present in the polymer electrolyte membrane can
arkedly affect its electrochemical behaviour. In fact, as the mem-

rane becomes more affluent in RTIL content, ionic conductivity
ncreases. However, excessively high concentration of RTIL pro-
ressively reduces the self-standing properties of the membrane
nd, consequently, its mechanical integrity, thus impairing the long
erm electrochemical performance. Accordingly, though ILBM-70
howed the best ionic conductivity values among the membranes
ested, due to the very high amount of RTIL encompassed, it was dif-
cult to handle and its mechanical integrity after prolonged cycling

as unsatisfactory. This is the reason why we report herewith the

esults of the electrochemical tests carried out on a sample mem-
rane called ILBM-63, in which the exact composition of the system

s BEMA:EMPFSI:LiTFSI = 27:63:10. The characteristics of the ILBM-
3 membrane (i.e., thermal properties, ionic conductivity values
Fig. 9. Ionic conductivity as a function of temperature of ILBM-63 polymer elec-
trolyte membrane. Data obtained by impedance spectroscopy.

and anodic breakdown voltage) are shown in Table 2, together
with the results obtained for ILBM-60. ILBM-63, whose character-
istics are very similar to ILBM-60 as clearly evident in Table 2, has
been here chosen because its ratio of oligomer to RTIL is the opti-
mum compromise between enhanced electrochemical behaviour
and mechanical properties. In fact, as evident in the Arrhenius plot
of Fig. 9, the sample ILBM-63 shows high ionic conductivity val-
ues, which are very close to the values obtained for ILBM-70 and
notably higher than ILBM-60 (see Fig. 6 for comparison). Moreover,
its mechanical integrity was at the level of ILBM-60 membrane, and
far better than ILBM-70.

To demonstrate the possible practical application of the ILBM-
63 polymer membrane as an electrolyte, a lithium polymer cell
was assembled and its galvanostatic charge/discharge cycling
behaviour at 45 ◦C was investigated. The response of the cell,
assembled by combining a lithium metal anode with a LiFePO4/C
cathode and using the ILBM-63 membrane as the separator, is
Fig. 10. Galvanostatic charge–discharge profiles of the lithium polymer cell,
assembled by sandwiching the ILBM-63 polymer electrolyte membrane between
LiFePO4/C cathode and Li metal anode, at 45 ◦C and C/10 current rate (17 mA g−1).
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Table 2
Comparison between the main characteristics of the ILBM-63 and ILBM-60 polymer electrolyte membranes. ILBM-63 membrane composition is
BEMA:EMIPFSI:LiTFSI = 27:63:10, the percentage of radical photo-initiator added was 3 wt.%.
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Thermal stability (◦C) Tg (◦C)

ILBM-63 >250 −48.8
ILBM-60 >250 −45.1

.2 V vs. Li, respectively) and the lack of flatness of the plateaus
learly indicate that an important contribution to irreversibility is
resent. Comparing the results reported in Meligrana et al. [19],
btained for a similar LiFePO4/C system with a liquid electrolyte,
ne can attribute the high charge to discharge potential difference
nd the shape of the plateaus to an ohmic chute. This drop probably
akes place at the electrodes–membrane interfaces and it is a crit-
cal point for all solid electrolytes. Another possible explanation is
elated to the Li+ transport through the membrane which could be
ifficult (the Li-ion transport number on these membranes is under
valuation).

Nonetheless, Fig. 11 shows that the cycling behaviour of the sys-
em is of some significance. During the first cycle, the cell delivers a
pecific capacity of approx. 155 mAh g−1 on charge (130 mAh g−1 on
ischarge) when using a low current density of C/10; that is approx-

mately 0.92 lithium atoms per formula unit can be extracted from
he LiFePO4 structure at an average circuit voltage of 3.52 V vs.
i, and a slightly lower amount can be reversibly inserted back
nto the FePO4 structure upon discharge. As the number of cycles
ncreases, the voltage plateau and the specific discharge capacity
ecrease only slightly. Actually, during the 10th cycle at C/10 cur-
ent regime, the cell is able to deliver a discharge capacity of approx.
27 mAh g−1 at an average circuit voltage of about 3.32 V vs. Li; that

s approx. 0.75 lithium atoms per formula unit can be reversibly
nserted back into the structure upon discharge. By increasing the
urrent density to C/5 rate, the cell delivers an average discharge
apacity of about 118 mAh g−1; that is approx. 0.70 lithium atoms
er formula unit can be reversibly inserted back into the structure
pon discharge. Thus, these data suggest the specific capacity is not
uch influenced by the increase in the C-rate.

The coulombic efficiency (i.e. the ratio between the specific dis-

harge capacity and the specific charging capacity) is low (about
5%) during the first cycles; then, after five cycles it is 95% and it

s maintained to be higher than 99% after the 10th cycle, at C/5
urrent rate. The low initial cycling efficiency can be related to dif-

ig. 11. Galvanostatic charge–discharge cycling test of the lithium polymer cell,
ssembled by sandwiching the ILBM-63 polymer electrolyte membrane between
iFePO4/C cathode and Li metal anode, at 45 ◦C and different C-rates (from
/10 = 17 mA g−1 to C/5 = 34 mA g−1).

[
[
[

[

[

[
[
[

[

Ionic conductivity (S cm−1) Anodic breakdown voltage (V)

1.3 × 10−3 at 50 ◦C ∼=4.5
7.0 × 10−4 at 50 ◦C ∼=4.5

ferent phenomena. A well-known behaviour typical of the LiFePO4
cathode implies an initial induction period, whose description is
reported in [19,27]. The increase in coulombic efficiency can also
be associated with an improved interfacial behaviour during the
charge–discharge cycles of the cell lowering the problems of Li-
ion transport. These hypotheses will be confirmed or discarded by
an extensive and thorough impedance analysis of the cell during
repeated cycling [25,26]. The rate capability of the lithium metal
polymer cell was also good, with a slight decrease in both average
discharge voltage and discharge capacity.

4. Conclusions

The preparation of new UV-cured polymer electrolyte mem-
branes encompassing RTILs seems very promising. By a UV-induced
process, we were able to produce electrolytes with good ionic
conductivity even at ambient temperature along with very high
thermal stability up to 250 ◦C. The anodic breakdown voltage is
high, above 4.4 V vs. Li. This is a significant achievement if one
considers high potential cathode materials which are particularly
interesting to increase the accumulator power density. The results
regarding the electrochemical behaviour are, as preliminary data,
satisfying.

If one adds the intrinsic safety, eco-compatibility, low pro-
duction time and easy industrialisation features of the materials
proposed and their preparation processes, these results lead us to
consider that these polymer electrolyte membranes show promis-
ing perspectives in the field of lithium-based batteries for portable
and automotive applications and it is worth a hard research work
to enhance their properties.
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