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a  b  s  t  r  a  c  t

Methacrylic-based  thermo-set  gel-polymer  electrolyte  membranes  obtained  by a very  easy,  fast  and  reli-
able free  radical  photo-polymerisation  process  and  reinforced  with  microfibrillated  cellulose  particles
are here  presented.  The  morphology  of the  composite  electrolytes  is investigated  by  scanning  elec-
tron  microscopy  and their  thermal  behaviour  (characteristic  temperatures,  degradation  temperature)
are  investigated  by thermo-gravimetric  analysis  and  differential  scanning  calorimetry.  The  composite
membranes  prepared  exhibit  excellent  mechanical  properties,  with  a Young’s  modulus  as  high  as  about
eywords:
omposite polymer electrolyte
ethacrylate

hoto polymerisation
ellulose

80 MPa  at ambient  temperature.  High  ionic  conductivity  (approaching  10−3 S cm−1 at 25 ◦C)  and  good
overall  electrochemical  performances  are  maintained,  enlightening  that  such  specific  approach  would
make  these  hybrid  organic,  cellulose-based  composite  polymer  electrolyte  systems  a  strong  contender
in the  field  of  thin  and  flexible  lithium  based  power  sources.
ithium battery
echanical property

. Introduction

Nowadays, research efforts are focused on the development
f polymer systems showing high ionic conductivity at ambient
nd/or sub ambient temperatures, good mechanical properties and
table performances since they find practical applications as elec-
rolytes in high energy density, thin and lightweight secondary
i-ion batteries [1–3]. Particularly with the recent advances in the
echnology of emerging high-end portable applications, like bend-
ble electronic devices [4,5], there is a huge demand for flexible
nd extra-thin batteries to power them. Such batteries are also
eing extensively considered to fit the hollow spaces of future elec-
ric vehicles [6–8] and aerospace systems [9].  In this respect, the
eed of a low cost, green, safe and up-scalable production process
ecomes fundamental for the sustainable mass production of the

ext generation energy storage systems.

The potential of nano- and micro-composites in various sec-
ors of research and application is promising and is attracting
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increasing investments [10]. Native cellulose and chitin fibres
are made up of smaller and mechanically stronger long thin fil-
aments, called microfibrils, consisting of alternating crystalline
and non-crystalline domains. When using cellulose, this mate-
rial is usually called microfibrillated cellulose. Microfibrillated
cellulose (MFC) particles are easily available and biodegradable;
they show stiffness, impressive mechanical properties and rein-
forcing capability, low weight and their preparation process is
easy, low cost and does not involve chemical reactions [11,12].
For all these reasons, nano-scale cellulose fibre materials have
the potential to significantly reinforce polymers at low filler
loadings and serve as promising candidates for bio-composite
production [13–15].

A broad range of applications of cellulose fibres exists, even if a
high number of unknowns remain to date. Cellulose nano-whiskers
have been deeply studied and their addition to polymer matrices
gave excellent results in terms of mechanical properties [16], but
the process of extracting single crystal whiskers from plants is time
consuming and very costly, despite the abundance and low price
of the raw materials. Instead, microfibrillated cellulose nanopar-
ticles, first studied by Herrick et al. [17] and Tubark et al. [18] in

the early 1980s, are obtained through a homogenization of the
paper pulp at high shear: an easy process that does not involve
chemical reactions. The cellulose particles obtained have a diame-
ter ranging between 10 and 100 nm,  length in the microscale and
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http://www.sciencedirect.com/science/journal/03787753
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onsist of alternating crystals and amorphous strings showing a
eb-like structure [19]. Due to their high aspect ratio and mechani-

al properties, MFCs have already been used as rheology modifier in
ood, paints, cosmetics, pharmaceutical products and as reinforcing
gent in polymer nanocomposites giving excellent results [19–21].
ecently, MFCs have also been used as binder for the aqueous pro-
essing of cellulose–graphite nanocomposite electrodes for flexible
aper-like Li-ion batteries [22] and studied as reinforcement for
EO based solid polymer electrolytes [23].

In the field of nanocomposites, the method of in situ polymeri-
ation has given the most interesting results [24]. However, free
adical photo-polymerisation (UV-curing) is a promising approach
or the production of nano- and micro-composite thermo-set
olymer coatings, inks adhesives and membranes where the sur-
ace to volume ratio is high. It takes place at room temperature
nder UV light and is an easy and reliable process [25]. UV
uring gives a very fast and low-cost production process with
n environmentally friendly approach, as the use of solvents
s avoided. Considering the interesting properties of MFCs and
he potentials of free radical photo-polymerisation, a UV-cured

FC-polymer composite membrane could surely give outstanding
esults if applied to flexible batteries, where improved mechani-
al properties are fundamental. In this scenario, the present work
llustrates the possibility of using the photopolymerisation process
o prepare composite methacrylic-based thermo-set gel-polymer
lectrolyte (GPE) membranes, a class of reinforced polymeric
etworks obtained by incorporating microfibrillated cellulose par-
icles into a methacrylic-based polymer matrix. Such modification
ould make these hybrid organic, green, cellulose-based systems a

trong contender in the field of thin flexible Li-based power sources.
he promising perspectives of such kind of GPEs are illustrated
y the experimental data on the electrochemical response of a

aboratory-scale lithium polymer cell.

. Experimental

.1. Materials

Bisphenol A ethoxylate (15 EO/phenol) dimethacrylate (BEMA,
verage Mn: 1700), and poly(ethylene glycol) methyl ether
ethacrylate (PEGMA, average Mn: 475) were obtained from

igma–Aldrich. 2-Hydroxy-2-methyl-1-phenyl-1-propanon
Darocur 1173) from Ciba Specialty Chemicals was used as the
ree radical photo-initiator. The 1.0 M LiPF6 in EC/DEC (1:1, w w−1)
olution (battery grade) was obtained from Ferro Corp., USA.

The LiFePO4/C cathode material was synthesized in the form of
anostructured powder through a mild hydrothermal procedure
eveloped at Politecnico di Torino and described in details else-
here [26,27].  Lithium metal foils with a thickness of 200 �m were

btained from Chemetall.
Before their use, BEMA and PEGMA were kept open in the inert

tmosphere of a dry glove box (MBraun Labstar, O2 and H2O con-
ent < 0.1 ppm) filled with extra pure Ar 6.0 for several days and,
lso, treated with molecular sieves (Molecular sieves, beads 4 Å,
–12 mesh, Aldrich) to ensure the complete removal of traces of
ater/moisture from the liquid monomers.

.2. Microfibrillated cellulose (MFC) nanoparticles preparation

MFC  nanoparticles were prepared by treating bleached cellulose

bres at high pressure in a microfluidizer processor (Microfluidics,
odel M-110 EH-30) with a 400 and 200 �m diameter chamber.

ycles were varied in order to optimize the fibrillation process.
he detailed procedure has been already described elsewhere [28].
urces 196 (2011) 10280– 10288 10281

A MFC  aqueous suspension (1 wt.%) was prepared in the present
work.

2.3. Composite gel-polymer electrolyte (GPE) membranes
preparation

A BEMA:PEGMA reactive mixture was prepared in 50:50 ratio,
along with 2 wt.% of free radical photo-initiator. The MFC  suspen-
sion was added to the reactive formulation in different ratios in
order to obtain composites containing 1, 3, 5 wt.% of MFC. As MFC
aqueous suspensions are inherently stable, no sonication step was
necessary. The liquid mixture was left 24 h in an oven at 70 ◦C
to obtain the water evaporation and, subsequently, UV cured for
3 min  under N2 flux by using a medium vapour pressure Hg lamp
(Helios Italquartz, Italy), with a radiation intensity on the surface
of 30 mW cm−2. Later, self standing films were peeled off from the
glass plates and treated in high vacuum at 80 ◦C overnight. The sam-
ples were then stored in the dry glove box. Finally, the composite
polymer membranes were activated by soaking them into the liquid
electrolyte swelling solution for about 2 h to obtain the gel-polymer
electrolytes.

By the above-explained method we  were able to produce flex-
ible and easy to handle films, with a final thickness of about
150–200 �m (measured with a Mitutoyo series 547 thickness
gauge equipped with an ABSOLUTE Digimatic Indicator model ID-
C112XBS, with a resolution of ±1 �m and a max measuring force
of 1.5 N), and an active swelling percentage approaching 50 wt.%.

2.4. SEM analysis

Morphological characterization of the samples was performed
employing a FEI Quanta Inspect 200LV scanning electron micro-
scope (SEM, max  magnification of 1.5 × 105) equipped with an
Everhardt Thornley secondary electron detector (ET-SED). Prior to
analysis, all the samples were coated with a thin Cr layer (thick-
ness around 10 nm)  to minimize the effect of the electron beam
irradiation which may  possibly lead to charging and “burning” of
the polymer network. Top analysis was  performed in order to eval-
uate qualitatively the MFC  dispersion. Moreover, test membranes
were cracked under cryogenic conditions (after dipping in liquid
nitrogen in order to avoid any change in the morphology) and a
cross-sectional analysis was  performed to estimate the uniformity
of MFC  filling across the membrane thickness.

2.5. Determination of the cross-linked fraction (gel-content)

The insoluble fraction (gel content) of the cured products was
determined as described in the following, according to the standard
test method ASTM D2765-84. The samples were held in a metal
net, accurately weighed, and subsequently extracted with CHCl3 to
dissolve the non cross-linked polymer chains. Extraction included
24 h of residence time for the solvent to appeal the membranes at
room temperature. The cross-linked fraction was then calculated
by dividing the mass of the dry sample left after the extraction by
the calculated mass of the original sample (relative error = ±1%).

2.6. Thermal analysis

The glass transition temperature (Tg) of the materials was  eval-
uated by differential scanning calorimetry (DSC) with a METTLER
DSC-30 (Greifensee, Switzerland) instrument, equipped with a low
temperature probe. Samples were put in aluminium pans, prepared

in the dry glove box. In a typical measurement, the electrolyte
samples were cooled from ambient temperature down to −140 ◦C
and, then, heated at 10 ◦C min−1 up to 120 ◦C. For each sample, the
same heating module was  applied and the final heat flow value was
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ecorded during the second heating cycle. The Tg was  defined as the
idpoint of the heat capacity change observed in the DSC trace dur-

ng the transition from glassy to rubbery state. The thermal stability
as tested by thermo-gravimetric analysis using a TGA/SDTA-851

nstrument from METTLER (Switzerland) over a temperature range
f 25–600 ◦C under N2 flux at a heating rate of 10 ◦C min−1.

.7. Mechanical properties

Mechanical measurements on the polymer membranes before
welling were carried out through tensile experiments according
o ASTM Standard D638, using a Sintech 10/D instrument equipped
ith an electromechanical extensometer (clip gauge). At least five

pecimens for each sample were tested; the standard deviation in
oung’s modulus (E) was 5%. Mechanical properties after swelling
ere evaluated by a bending test for which the membranes were

olled up around cylindrical hoses with radii ranging between 3 and
2 mm.

.8. VIS spectroscopy

Transmittance measurement were carried out by using a double
eam UNIVAM UV2 (ATI Unicam, Cambridge, UK) spectrophotome-
er with variable slit width in the spectral range from 400 to 800 nm,
nterfaced to a computer via “Vision 32” software for data elabora-
ion.

.9. Ionic conductivity measurements

The ionic conductivity tests of the polymer electrolyte
embranes were carried out by electrochemical impedance

pectroscopy (EIS) analysis on a heating stepped ramp from
0 ◦C to 80 ◦C. The test cells (model ECC-Std, http://el-
ell.com/products/test-cells/ecc-std, purchased from EL-Cell
mbH), formed by sandwiching discs of 2.54 cm2 of the given
embrane between two stainless-steel blocking electrodes, were

oused in a Memmert GmbH oven model UFE-400 with a tem-
erature control of ±1 ◦C. The resistance of the electrolyte was
iven by the high frequency intercept determined by analysing
he impedance response using a fitting program provided with the
lectrochemistry Power Suite software (version 2.58, Princeton
pplied Research). Each sample was equilibrated at the experi-
ental temperature for about 1 h before measurement, to allow

hermal equilibration of the cells. All measurements were carried
ut on at least three different fresh samples in order to verify the
eproducibility of the obtained results.

.10. Electrochemical stability measurements

The electrochemical stability window (ESW) was evaluated
t ambient temperature by linear sweep voltammetry in three
lectrode cells (model ECC-Ref, http://el-cell.com/products/test-
ells/ecc-ref) using an Arbin Instrument Testing System model
T-2000. Separate tests were carried out on each polymer elec-
rolyte sample to determine the cathodic and anodic stability limits.
he measurements were performed by scanning the cell voltage
rom the OCV towards 0.0 V vs. Li (cathodic scan) or 5.5 V vs. Li
anodic scan). In both cases, lithium metal has been used as the
eference electrode and the potential was scanned at a rate of
.100 mV  s−1. The current onset of the cell was associated with

he decomposition voltage of the electrolyte. Cell configuration
dopted for anodic scan: acetylene black (Shawinigan Black AB-50,
hevron Corp., USA) over Al current collector and Li metal as elec-
rodes and the given membrane as electrolyte (active area equal to
ources 196 (2011) 10280– 10288

2.54 cm2); cathodic scan: Cu foil and Li metal as electrodes and the
given membrane as electrolyte (active area equal to 2.54 cm2).

2.11. Lithium polymer cell assembly and electrochemical tests

The lithium polymer cell was  assembled by contacting in
sequence a lithium metal disk anode, a layer of the nanocomposite
gel-polymer electrolyte and a LiFePO4/C disk composite cathode
(electrode area: 2.54 cm2). The latter was  prepared by a quick
and low cost mild hydrothermal synthesis as described in a pre-
vious work [26]. The electrodes/electrolyte assembly was housed
in an Electrochemical Test Cell (model ECC-Std). Both electrode
fabrication and cell assembly were performed in the environmen-
tally controlled dry glove box. The lithium cell was  tested for
its electrochemical behaviour at room temperature in terms of
charge/discharge galvanostatic cycling using an Arbin Instrument
Testing System model BT-2000. The voltage cut-offs were fixed at
4.0 V vs. Li/Li+ (charge step) and 3.0 V vs. Li/Li+ (discharge step),
respectively.

3. Results and discussion

3.1. Composite polymer membranes (electrolyte-free)

Liquid electrolyte-free polymer membranes were prepared
by photo-copolymerising the di-functional methacrylic oligomer
BEMA and the mono-functional PEGMA with the in situ addition of
microfibrillated cellulose. Table 1 shows the composition of the var-
ious salt-free solid polymer membranes. A MFC-free sample, named
MFC-0, was  made of BEMA and PEGMA in 50:50 ratio. BEMA was
chosen because it is well known that can be readily polymerised by
UV-curing, thus forming a cross-linked homopolymeric network.
PEGMA, usually referred as reactive diluent, is meant to be useful
to increase the mobility of Li+ ions inside the polymer matrix along
with an enhancement in the ionic conductivity through its pendant
ethoxy groups. Detailed characteristics of these and other similar
systems can be found in previous works [29–33].

The polymer membranes obtained copolymerising the
monomers BEMA and PEGMA with the in situ addition of
microfibrillated cellulose particles are freestanding, extremely
flexible and non-sticky. An example is shown in Fig. 1, which illus-
trates the appearance of the MFC-3 composite polymer membrane,
representative for all the samples prepared.

In the absence of the filler the polymer is transparent, while it
progressively becomes opaque by increasing the amount of MFC.
Measurements performed by a visible spectrophotometer showed
that transmittance decreases when the cellulose particles percent-
age is increased (see Table 1).

The characterisation of the UV-cured films included the eval-
uation of the gel content, differential scanning calorimetry,
thermo-gravimetric analyses, mechanical tests and SEM analyses.
The conversion of the monomers after photopolymerisation was
evaluated by measuring the gel-content: it showed a decrease of
the cross-linking in the presence of higher quantities of MFC. The
obtained values are reported in Table 1. One possible explanation
for such behaviour may  be the hindrance of UV  light penetration
inside the polymeric network associated with the increased pres-
ence of particles; in fact, as MFC  are crystalline materials with a
length of few microns, they may  hinder the penetration of the light
inside the polymer bulk.

The glass transition temperature (Tg) was  evaluated by differen-

tial scanning calorimetry (DSC) and the results obtained are shown
in Fig. 2. DSC measurements were performed on the MFC-0 matrix
and related MFC  reinforced composites. All the characteristic tem-
peratures of the studied films are summarized in Table 1. The Tg

http://el-cell.com/products/test-cells/ecc-std
http://el-cell.com/products/test-cells/ecc-ref


A. Chiappone et al. / Journal of Power Sources 196 (2011) 10280– 10288 10283

Table 1
Brief summary of the most relevant features of the electrolyte-free composite polymer membranes.

Sample BEMA:PEGMA ratio MFC  content (wt.%) Gel-content (%) Transmittance 400–800 nm (%) Tg (◦C) T5% (◦C) T10% (◦C)

MFC-0 50:50 0 93 87 −56.2 225 285
MFC-1 50:50 1 92 42 −53.2 249 286
MFC-3 50:50 3 82 10 −53.7 265 300
MFC-5  50:50 5 80 7 −53.4 275 312

F lymerising the monomers BEMA and PEGMA in 50:50 ratio via UV irradiation, with the
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ig. 1. Appearance of the MFC-3 composite polymer membrane obtained by copo
n  situ addition of 3 wt.% of MFC  in aqueous suspension.

as defined as the midpoint of the heat capacity change observed
n the DSC trace during the transition from glassy to rubbery state.
he differential scanning calorimetry analyses evidenced Tg values
ower than −50 ◦C for all the samples prepared, indicating that at
oom temperature the polymer membranes are in a rubbery state.
s clearly depicted in Fig. 1, though the Tg is very low, the mem-
ranes are self-standing, extremely flexible and easy to handle. The
ifferent percentage of the filler in the polymer matrix does not
ignificantly influence the DSC trace and, consequently, the final
haracteristics of the films; indeed, the Tg values in presence of the
ller are increased only of few degrees (see Table 1), meaning that
here is not much interaction between the filler particles and the
morphous polymer segments.

The thermal stability of the prepared membranes was assessed
y thermo-gravimetric analysis under flowing nitrogen in the tem-
erature range between 25 ◦C and 600 ◦C. The results are shown

n Fig. 3 and summarized in Table 1. The stability was  very high
ver a wide range of temperatures; a one-step weight loss process

ith the detection of noticeable change only at above 275 ◦C was

bserved. The increase in the MFC  content led to an increase in the
tability of the polymers. The degree of activity of the additives was
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Fig. 2. DSC traces of the series of composite polymer membranes prepared.
Fig. 3. TGA measurements on the composite polymer membranes: the presence of
MCFs slightly improves thermal stability.

rated on the basis of the temperatures for 5% and 10% weight loss,
i.e., T5% and T10% (see Table 1).

The mechanical behaviour of the electrolyte-free MFC  polymer
composites was  investigated to compare the effect of the amount of
cellulosic filler on the mechanical properties of the resulting mem-
brane (see Fig. 4 and Table 2). Compared to the previously prepared
membranes [29,30], which already had good thermal and electro-
chemical properties, these composite polymer membranes showed
an important improvement in mechanical properties obtained by

means of tensile test studies. The addition of microfibrils can widely
increase the Young’s modulus and the tensile resistance, leading
to values that are highly satisfactory for the possible application in

Table 2
Young’s modulus and resistance to traction of the composite polymer membranes.

Sample Young’s modulus (MPa) � max (MPa)

MFC-0 12 ± 2 0.5 ± 0.35
MFC-1 20 ± 3 0.9 ± 0.4
MFC-3 42 ± 4 2.1 ± 0.6
MFC-5 79 ± 6 3.5 ± 0.3
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Table 3
Active swelling percentage (AS%) is calculated as [(Wf − Wi)/Wf] × 100, where Wf  is
the weight of the membrane after swelling and Wi  is the weight before swelling. It
indicates the percentage of electrolyte solution uptaken during the swelling process.

Sample Active Swelling (AS%) � @ RT (S cm–1) � @ 80 ◦C (S cm–1)

MFC-0 53.0 1.1 × 10–3 7.0 × 10–3

MFC-1 55.0 6.4 × 10–4 3.1 × 10–3

The thermal stability of the membrane MFC-3 after swelling was

F
a

Fig. 4. Plot of Young’s modulus vs. the quantity of filler.

hin flexible batteries. Such an excellent mechanical behaviour may
lso improve the safety features of the resulting GPE membranes;
n fact the cellulose fibres, being highly crystalline and very strong,
an block the growth of lithium dendrites and drastically reduce
he possibility of short circuits.

The morphology of the MFC  composite polymers was charac-
erised by SEM analysis. SEM micrographs were obtained, for both
urfaces and cross-sections, on all the samples in order to observe
he dispersion of MFCs into the polymer matrix. Some examples
re shown in Fig. 5, illustrating that MFCs were uniformly dis-
ersed, whatever the spot probed in the sample. The composite
ppear highly homogeneous, showing a complete interpenetra-
ion between fibres network and polymer: cellulose microfibrils
re completely covered by the polymer matrix. In Fig. 6 the cross-
ectional images, at different magnification, of the sample with 3%
f MFC  is shown. A good affinity between the matrix and the filler
as obtained even without functionalization of MFCs. This could

e attributed to the good compatibility resulting from the chemi-
al similarities between polymer and MFCs and, consequently, the
ydrogen bonding interactions existing at the interface. For all the
omposite samples, it was observed a homogeneous dispersion of
hite dots that were associated with the presence of microfibrils.

hese white dots do not correspond to isolated particles since the
article dimensions were too small to be observed at this scale.
s already reported by Dufresne and co-workers [34,35],  the white

ots result from charge concentration effects due to the emergence
f cellulose microfibrils from the observed surface, which increase
he apparent cross-section of MFCs present over the surface. It is

ig. 5. SEM images of the composite polymer membrane MFC-3 at different magnitudes
re  completely surrounded by the polymer matrix.
MFC-3 58.5 8.4 × 10–4 4.4 × 10–3

MFC-5 57.0 7.7 × 10–4 4.9 × 10–3

worth noting that white dots are homogeneously dispersed within
the polymer matrix with no apparent formation of large aggre-
gates, suggesting good compatibility between fillers and matrix.
Such uniform distribution of the fillers in the matrix could play an
important role in improving the mechanical performance of the
resulting nanocomposite films.

3.2. Composite gel-polymer electrolyte (GPE) membranes

The composite membranes were swelled in the electrolyte solu-
tion made of 1.0 M LiPF6 in EC/DEC (1:1, w w−1). The electrolyte
uptake, called Active Swelling percentage (AS%), was calculated by
the formula:

Wf − Wi
Wf

× 100

where Wf  is the weight of the membrane after swelling and Wi  is
the weight before swelling). It was estimated to be approximately
55 wt.% for all the samples (Table 3).

Even after swelling, the membranes containing MFC  showed
better dimensional stability and mechanical behaviour. Fig. 7 shows
the aspect of the membranes after swelling (in particular, Fig. 7A the
MFC-0 electrolyte membrane, while Fig. 7B the MFC-3 electrolyte
membrane). The bending test performed on the membranes MFC-0
and MFC-3 after swelling for 2 h in a EC:DEC (1:1) mixture demon-
strated that the MFC-3 membrane can still be easily rolled up on
the cylinders used for the test withstanding all the bending radius
till 3 mm.  On the contrary, the membrane without microfibrils was
difficult to handle and it failed if bended on a cylinder with a 10 mm
radius. Also the dimensional stability of the membrane was found
to be remarkably higher in the presence of the filler; in fact, after
swelling the MFC-0 membrane showed an increase in volume of
35%, while for the MFC-3 was only 20%.
evaluated by TGA analysis, the resulting curve is shown in Fig. 8,
where it is compared to the curve obtained before swelling. The
electrolyte evaporated quite quickly under the measurement con-

: 500× left and 2500× right. It is possible to observe that the cellulose microfibrils
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mbrane MFC-3 at different magnitudes: ∼1000× left and 4000× right.
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Fig. 6. Cross-sectional SEM images of the composite polymer me

itions (N2 flux of 60 ml  min−1); the T5% temperature was  reached
t around 90 ◦C. It is possible to observe that the complete evap-
ration of the organic solvent, which was considered at 250 ◦C,
onfirmed the active swelling percentage of 55%; at temperatures
igher than 250 ◦C it is possible to observe the decomposition of
he polymer composite. While the unswelled membrane showed a
esidue at high temperature of about 2.7%, which was completely
ttributable to the presence of cellulose ashes, in the case of the

welled membrane the residue had higher values (i.e., 5.4%) that
as explainable considering the presence of the lithium salt.

ig. 7. Appearance of the MFC-3 (A) and MFC-0 (B) composite gel-polymer mem-
ranes. After a 2 h swelling time, the BEMA:PEGMA membrane could be hardly
andled while the MFC-3 was  easily bendable.
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Fig. 8. TGA measurements on the MFC-3membrane before and after swelling.

3.3. Ionic conductivity

In view of their application in lithium batteries, we  first screened
the samples by determining their ionic conductivity. The ionic
conductivity of all the samples was evaluated by impedance spec-

troscopy after swelling for 2 h in a 1.0 M LiPF6 solution in EC:DEC
(1:1). The active swelling values are summarized in Table 3. Fig. 9
shows the impedance response, in the form of Nyquist plots, of
four independent cells formed by sandwiching the given elec-
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Fig. 9. Typical impedance response of the four gel-polymer electrolyte mem-
branes developed in this study. Stainless-steel blocking electrodes. Fre-
quency = 1 Hz–100 kHz.
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ig. 10. Ionic conductivity Arrhenius plots of the four nanocomposite polymer elec-
rolytes developed in this work. Data obtained from impedance spectroscopy.

rolyte membrane sample between two blocking stainless-steel
lectrodes, recorded after one week of storage at room temper-
ture. The intercepts with the real axis allow calculation of the
onductivity values of the membranes. Notably, in the whole inves-
igated frequency range, no signs of charge transfer or passivating
ayer formation are detectable. A linear response, as typically
xpected for blocking electrodes, indicates that our membranes do
ot undergo unexpected collateral reactions or undesired phenom-
na when placed in contact with the stainless steel electrodes.

Fig. 10 shows the temperature dependence of the ionic con-
uctivity of the membranes in the form of Arrhenius plots. The
FC-0 sample displayed the highest conductivity in the whole

ange of temperatures investigated in this study, attaining values
n the order of 10−2 S cm−1 at 80 ◦C. As clearly visible, the mem-
ranes containing the filler showed a slightly lower conductivity,

n particular MFC-1, while MFC-3 and MFC-5 behave almost in
he same way. The ionic conductivities of the MFC membranes are
bout 6 × 10−4 S cm−1 at room temperature and they increase with
he increase of the temperature, reaching a high value of about

 × 10−3 S cm−1 at 80 ◦C. The regular increase in conductivity upon
eating is observed for all the membranes and confirms that neither
hysical transitions nor segregation phenomena occurred during
he test. Moreover, all impedance spectra obtained in the selected
emperature range do not show any sign of high-frequency semicir-
les which could indicate lack of gel homogeneity due to crystalline
hase separation.

It is also possible to see from the Arrhenius plots that the con-
uctivity behaviour of the samples MFC-3 and 5 is the most similar
o the MFC-0 one, while the worst values are given by the sam-
le MFC-1. Such a result could be due to the lower polymerisation

evel of the samples MFC-3 and 5 indicated in Table 1 by means of
el content. A lower conversion of the oligomers leads to a more
obile network and, moreover, the unreacted monomers can be

asily replaced by the swelled electrolyte.

.4. Electrochemical stability window (ESW)

In general, for a lithium battery, the anodic reaction occurs in the
icinity of 0 V vs. Li/Li+, while the cathode potentials can approach
alues as high as 4.5 V vs. Li/Li+, implying that the electrochemi-
al stability window (ESW) is a fundamental parameter regarding
ycling reversibility. The ESW of the MFC-3 composite polymer

lectrolyte (representative for all the samples prepared) measured
t ambient temperature is depicted in Fig. 11A and B. In fact, inde-
endently of the amount of MFC  added, all samples exhibited a wide
SW ranging from the lithium plating to around 5.0 V vs. Li/Li+. The
Fig. 11. Electrochemical stability window (ESW) of MFC-3 at 25 ◦C; potential scan
rate of 0.100 mV s−1. (A) Electrochemical stability window in the cathodic voltage
range and (B) electrochemical stability window in the anodic voltage range.

cathodic stability was evaluated by running a sweep voltamme-
try of a cell using a copper working electrode and a lithium metal
counter electrode. The resulting current–voltage traces (Fig. 11A)
showed in the first sweeping cycle a current flow at about 2.7 V
vs. Li/Li+, followed by a large current flow starting at around 1.5 V.
The first event is most probably due to some decomposition of the
cellulosic material, while the latter is associated with a multistep
decomposition process, very likely due to the reduction of the car-
bonate solution component, with the consequent formation of a
passivating film on the testing electrode. This interpretation is sup-
ported by a series of findings, such as: (a) the irreversibility of the
peaks, and (b) the trend of the second sweep cycle where no marked
trace of events is detected. The current flow in the 0.25 V voltage
range can be ascribed to another sort of “passivation” phenomenon,
as the peak is clearly visible during the first cycle which immedi-
ately disappears with subsequent cycling. As a whole, the figure
illustrates a cathodic scan starting from the open-circuit voltage
and extending down to the lithium deposition range, i.e., to −0.2 V
vs. Li/Li+. The lithium deposition–lithium stripping peaks on and
from the copper substrate are clearly visible [36].

The increase of the current during the first anodic scan, which
is related the decomposition of the electrolyte, was  taken in corre-
spondence to the onset of a low current peak at approx. 4.3 V vs.
Li/Li+. However, even if the current rises at a lower voltage, after
few cycles its trend consistently deviates from that observed in
the first cycle, showing a sort of “passivation” phenomenon which
extends the anodic stability up to higher voltage, i.e., above 5 V vs.

Li/Li+. This behaviour has already been observed in previous studies
concerning polymer electrolytes reinforced by cellulose [37].

Three important features can be derived by the ESW results,
namely: (a) the anodic onset of the current is detected at around
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pecific capacity vs. cycle number of the lithium cell assembled by contacting in
equence the LiFePO4 composite cathode, the MFC-3 membrane and a Li metal
node, at ambient temperature and at different current rates from 1 C to 5 C.

 V vs. Li/Li+, which is assumed as the membrane decomposition
oltage, i.e., a value high enough to allow a safe use of the mem-
rane in connection with Li-ion electrode couples which typically
ycle above 3.5 V; (b) the occurrence of a reversible cathodic peak
round 0 V related to the lithium deposition-stripping process on
he copper electrode, which demonstrates the applicability of these

embranes for lithium rechargeable batteries; and (c) the very flat
urrent–potential curves between the two limits, which is a clear
vidence of the purity and of the integrity of the membranes and
he synthesis method adopted.

.5. Lithium cell electrochemical testing

High ionic conductivity and wide electrochemical stability win-
ow are highly welcomed properties in battery applications; hence,
e selected the MFC-3 membrane and concentrated our atten-

ion on this membrane for further characterization. A laboratory
cale lithium cell was assembled by combining a lithium metal
node with a LiFePO4/C cathode and using the MFC-3 as the
lectrolyte and tested in order to evaluate the capability of the
lectrolyte to perform in a real battery configuration. Its electro-
hemical behaviour was  investigated by means of galvanostatic
harge/discharge cycling performed at room temperature.

The electrochemical process of this battery is the reversible
emoval-uptake of lithium from and to lithium iron phosphate:
iFePO4 ↔ xLi + Li(1−x)FePO4

hich is expected to develop along a 3.5 V vs. Li/Li+ flat plateau for
 total specific capacity of 170 mAh  g−1.
urces 196 (2011) 10280– 10288 10287

Fig. 12A illustrates a typical charge (lithium removal from
LiFePO4 to form FePO4) and discharge (lithium acceptance by
FePO4 to reconvert into LiFePO4) cycle run at ambient temper-
ature. Fig. 12B shows the specific capacity vs. cycle number at
ambient temperature and at different current rates from 1 C to
5 C (1 C = 0.7 mA with respect to a LiFePO4 active mass of about
4 mg). Reproducible voltage profiles were obtained where the ini-
tial specific capacity approaches the value of 120 mAh  g−1 at 1 C The
capacity retention is satisfactory: at high 5 C current rate the cell
still delivers specific capacity values around 100 mAh  g−1, with a
drop in capacity of less than 18% with respect to the initial value at
1 C. The battery operates with the expected voltage profiles deliver-
ing a good fraction of the theoretical capacity even at rates as high
as 5 C. The cycle response is also encouraging since no decay in
capacity is shown during this initial test and the charge–discharge
efficiency following the first cycles, where rearrangements in the
structure of the electrode take place, is maintained to be always
higher than 98%. Finally, it is important to note that the system
behaves correctly, with no abnormal drift even at high regimes; in
fact, reducing the C-rate completely restores the specific capacity
(see, in Fig. 12B, the specific capacity values from 5 C to 2 C after
the 50th cycle). The results here discussed, although preliminary,
demonstrate the feasibility of the MFC  reinforced membranes as a
new electrolyte for advanced lithium polymer batteries.

4. Conclusions

Microfibrillated cellulose at a concentration of 1–5% by weight
was  used to reinforce methacrylic-based composite polymer elec-
trolyte membranes prepared by UV-curing process. It has been
shown that Young’s modulus, tensile strength and thermal stability
of the composite films increase with increasing the MFC  contents.
Mechanical properties and dimensional stability of the membranes
after swelling in the electrolyte solution are also improved with
the addition of microfibrils. The impedance spectroscopy per-
formed on the composite GPEs showed high ionic conductivity
values approaching 10−3 S cm−1 even at ambient temperature and
the analysis of the electrochemical behaviour evidenced a wide
stability window and interesting performance in real battery con-
figuration.

These excellent results added to the easy preparation method
and the low processing costs make MFCs a perfect candidate for
the production of composite membranes that can be used as gel-
polymer electrolytes for application in lithium-based thin flexible
batteries and open further studies about the role of cellulose in
ion conduction. It is here also confirmed that, compared to other
techniques, UV curing is versatile due to its easiness and rapidity
in processing. It can open up promising perspectives in obtaining
innovative polymeric electrolytes with high flexibility, well suited
for flexible and/or non-planar electronics application.
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