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bstract

Progress in lithium battery technology may be achieved by passing from a conventional liquid electrolyte structure to a solid-state, polymer
onfiguration. In this prospect, great R&D effort has been devoted to the development of suitable lithium conducting polymer electrolytes. The
ost promising results have been obtained with systems based on blends between poly(ethylene oxide) and lithium salts. In this work we show

hat the transport and interfacial properties of these electrolytes may be greatly enhanced by the dispersion of a ceramic filler having an unique

urface state condition. The results, in addition to their practical reflection in the lithium polymer electrolyte battery technology, also provide a
alid support to the model which ascribes the enhancement of the transport properties of ceramic-added composites to the specific Lewis acid–base
nteractions between the ceramic surface states and both the lithium salt anion and the PEO-chains.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Lithium batteries are acquiring a leading role in various
mportant markets with particular impact on consumer electron-
cs and, perhaps in the future, on electric or hybrid cars. However,
onsidering the evolution of these markets and their associated
nergy and power demands, new and improved battery config-
rations are required. Among the various approaches presently
eing followed to achieve this goal, that based on the passage
rom a conventional liquid electrolyte structure to an advanced
olymer electrolyte configuration, is expected to be among the
ost relevant to the progress of lithium battery technology [1].
The key component in this progress is a polymer electrolyte

hich must have properties in terms of lithium conductivity and
lectrode compatibility, which matches those offered by liquid
lectrolytes. Among the many types of lithium conducting mem-

ranes developed and characterized to meet this requirement, the
ost interesting are those based on poly(ethylene oxide), PEO

2]. These membranes, which are formed by the combination
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f PEO and a lithium salt, LiX, are often referred as true solid
olymer electrolytes, SPEs, as they do not contain plasticizing
olvents and their polymer chains act simultaneously as both
tructural and solvating agents [3]. Indeed, PEO-based SPEs
ave a series of specific features, such as high conductivity, low
ost, and good chemical stability, which account for the great
mount of work which has been devoted to their preparation and
haracterization.

Obviously, the real breakthrough in this field would be the
evelopment of solvent-free, polymer electrolytes having con-
uctivity levels similar to those of liquid solutions over a wide
emperature range. Unfortunately, this has not been yet achieved
nd the most promising electrolytes, i.e., the PEO-based SPEs,
o not yet fulfil this requirement. The main issue is the ionic
onductivity which remains at high levels only when in the amor-
hous state, i.e., at temperature exceeding 70 ◦C. Obviously, this
arrows the range of practical application. Another drawback
s associated to the low value of the transference number of
he lithium cations, which is generally of the order of 0.2–0.4

3] and this also may affect the use of these PEO-based elec-
rolytes in practical batteries. In fact, a low cation transference
umber implies that the current is mainly carried by anions and
n turn, may result in concentration polarization which reflects
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egatively on the rate of a battery based on lithium-operating
lectrodes.

Although this may in part be counterbalanced by proper
esign of the electrode structure, certainly an enhancement of the
ithium ion transference number remains an important require-

ent. Recently, we have reported that this may be obtained by
ispersing nano-particulate ceramic fillers, such as TiO2, Al2O3
nd SiO2, into the PEO-based polymer matrix [4]. This leads to
new class of SPEs which have been referred as Nano Com-

osite Polymer Electrolytes (NCPEs). We have demonstrated
hat one of the key roles of the filler is that of acting as a solid
lasticizer for PEO by kinetically inhibiting the chain crystal-
ization on annealing from the amorphous state at 70 ◦C [4,5].
his in turn lowers the temperature of stabilization of the amor-
hous phase and thus, increases of the electrolyte’s useful range
f conductivity. In addition, the ceramic filler promotes prefer-
ntial lithium pathways and we have associated this effect with
he Lewis acid–base interactions occurring between the ceramic
urface states and both the lithium salt X− anions and the PEO
egments [6–8].

In recent work we have confirmed this model by selecting
highly functionalized ceramic filler, i.e. a sulphate-promoted

uperacid zirconia, S-ZrO2, and dispersing it into a PEO–LiBF4
atrix [9]. We have shown that the presence of this unique

eramic filler, due to its specific surface state condition, results
n an exceptional increase in the value of the lithium transfer-
nce number of the associated NCPE [9]. In this paper we extend
he study of the influence of this particular filler on the proper-
ies of PEO-based polymer electrolytes using a detailed thermal,
ransport and interfacial investigation.

. Experimental

The preparation of superacid, sulphated zirconia, S-ZrO2, as
ell as that of S-ZrO2-added PEO–LiX composite polymer elec-

rolytes, have been described in a previous work [9] to which the
eader is referred for details. In this work we have prepared and
haracterized PEO-based membrane samples using LiClO4 as
he lithium salt and having different S-ZrO2 contents. We have
repared and tested various samples to investigate the effect of
he amount of the dispersed S-ZrO2 filler. For comparison pur-
oses, also ceramic-free, PEO20(LiClO4) samples have been
repared. Table 1 summarizes the composition of the various
amples considered in this work.
The thermal properties of the various electrolyte samples
ave been evaluated by DSC studies. The samples were held
or 90 min at 100 ◦C to assure homogeneization and then were
tored for six days prior to the DSC test. This was run with two

able 1
ist of samples tested in this work

ample acronym Composition

Z-free PEO PEO20(LiClO4)
Z-PEO-5 PEO20(LiClO4) + 5% S-ZrO2

Z-PEO-10 PEO20(LiClO4) + 10% S-ZrO2

EO, poly(ethylene oxide); SZ, superacid ZrO2.
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onsecutive heating and cooling scans in the 25–100 ◦C temper-
ture range.

The conductivity was measured by impedance spectroscopy
nalysis of cells formed by sandwiching the given electrolyte
ample between two stainless-steel blocking electrodes. The
ells were housed in a Buchi oven to control the tempera-
ure. A Solartron impedance response analyzer was used for

easurements over a 100 Hz–100 kHz frequency range. The
esistance of the electrolyte was given by the high frequency
ntercept determined by analyzing the impedance response using
n appropriate fitting program [10].

The electrochemical stability window was evaluated by mea-
uring the current–voltage response of a MCMB carbon elec-
rode in a cell using the given sample as the electrolyte and a
ithium foil as the counter electrode. The current onset of the
ell was associated with the decomposition voltage of the elec-
rolyte. The value of this voltage is kinetically controlled by the
ature of the selected working electrode. In this work we have
hosen MCMB in order to approach the condition occurring in
ractical lithium batteries where carbon is in fact always present
n the cathode blends.

The compatibility with the lithium metal electrode was deter-
ined by monitoring the time evolution of the impedance

esponse of a symmetrical Li/given electrolyte sample/Li cell.
he value of the Li interfacial impedance and its changes with

ime of contact with the electrolyte, were obtained with the anal-
sis of the response using an appropriate fitting program [10].

. Results and discussion

As already pointed out in our previous work [4–8] and also
onfirmed by results obtained in various laboratories throughout
he world [11–13], it is now well established that the properties of
EO-based polymer electrolytes are enhanced by the dispersion
f selected, low particle size ceramics. We have proposed that
his action is associated to specific Lewis acid–base interactions
etween the ceramic surface states and both the lithium salt X−
nion and the PEO segments [5,8]. On the basis of this model,
t is expected that the action of the ceramic fillers is greatly cor-
elated to the degree of acidity of the surface states. To confirm
his, we have selected an unique ceramic filler, i.e. sulphate-
romoted superacid zirconia, S-ZrO2, which has a high degree of
urface acidity, i.e. an acid strength stronger than 100% H2SO4
14]. This exceptional acidity is associated with the coordinated
nsaturated Zr4+ cations which have a high electron accepting
bility, the latter being enhanced by the nearness of the charge
ithdrawing SO4 groups [15]. This finally results in the pres-

nce at the surface of the oxide of a high density of acidic sites
oth of Lewis and Bronsted forms [9].

In a previous work, we have shown that indeed the dispersion
f this surface-modified, S-ZrO2 in PEO-based systems induces
xceptional improvements in the value of the lithium transfer-
nce number of the resulting NCPEs [9]. In this paper we have

xtended the investigation of these new types of S-ZrO2-added
CPEs by comparing their thermal, interfacial and conductiv-

ty response with those of the corresponding ceramic-free PEO
embranes.
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This is indeed confirmed by conductivity tests. Fig. 3 shows,
in comparison, the Arrhenius plots of the two zirconia-added

Table 2
Values of the melting temperature Tf and of the enthalpy changes�Hf, associated
to the melting process of the PEO, SZ-PEO-5 and SZ-PEO-10 samples

Sample Tf (◦C) �Hf (J g−1)
ig. 1. Differential scanning calorimetry, DSC traces of electrolyte samples SZ
nd SZ-PEO-10 (PEO20(LiClO4) + 10% acid ZrO2) (C). Scanning rate: 5 ◦C mi

Fig. 1 shows the DSC traces of electrolyte samples SZ-PEO-
(Fig. 1B) and of SZ-PEO-10 (Fig. 1C) in comparison with that
f a plain, SZ-free PEO sample (Fig. 1A). All the traces clearly
how the melting-crystallization peaks of the electrolytes. How-
ver, the analysis of the figure also shows that by passing from
he zirconia-free samples to the acid–zirconia added composite
amples, there is a decrease in the values of the melting temper-
ture, Tf, as well as an enthalpy change, �Hf, associated to the
ransition.

These differences are further evident in Fig. 2, which shows

n comparison the heat flow associated to the melting of the
hree samples, and by Table 2 which reports the related Tf and

Hf values. The data clearly show that the dispersion of the S-
rO2 promotes amorphicity which in turn is expected to favour

P
S
S

D

PEO (PEO20(LiClO4)) (A), SZ-PEO-5 (PEO20(LiClO4) + 5% acid ZrO2) (B)

on transport and thus, to enhance the ionic conductivity of the
EO 60.9 20.3 ± 2.0
Z-PEO-5 59.8 16.6 ± 1.1
Z-PEO-10 59.1 13.7 ± 0.9

ata derived from the DSC results of Fig. 1.
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sivation layer is extremely thin and most importantly, that the
ig. 2. Heat flow associated to the melting of the SZ-free PEO, SZ-PEO-5 and
Z-PEO-10 samples. Data derived from the DSC results of Fig. 1.

lectrolyte composite samples with that of a plain, zirconia-
ree electrolyte. All the samples show the well known break
n conductivity due to the crystallization of the PEO chains.
owever, the conductivity of the S-ZrO2 composite samples is

lmost one order of magnitude higher than that of the ceramic-
ree electrolyte. In addition, in agreement with the DSC data,
he conductivity break occurs at lower temperatures.
Fig. 3 shows that the conductivity of the composite sam-
les averages 0.001 S cm−1 in a temperature range extending
rom 100 ◦C to about 60 ◦C. This exceptional behavior is a firm

ig. 3. Arrhenius plots of the two zirconia-added SZ-free PEO, composite elec-
rolyte samples SZ-PEO-5 and SZ-PEO-10 in comparison with that of the plain
R-free PEO sample. Data determined by impedance spectroscopy.
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emonstration of the unique role of the fillers in kinetically
nhibiting the crystallization of the PEO chains, as well as in
romoting lithium conducting pathways as a result of the Lewis
cid–base interactions occurring between the ceramic surface
tates and both the lithium salt ClO4

− anion and the PEO seg-
ents [4,5].
We have shown in a previous work that this combined effect

esults in a dramatic increase of the lithium transference num-
er of the S-ZrO2-added composite electrolytes [9]. The results
bove described demonstrate that this promoting action extends
lso to the conductivity which reaches levels rarely observed for
EO-based polymer electrolytes at temperature limits as low as
0 ◦C.

These properties make the S-ZrO2-added composite elec-
rolytes of interest for applications in polymer electrolyte,
ithium rechargeable batteries. In this respect, it is important
o test the compatibility of the electrolyte with the lithium elec-
rode. This has been performed by monitoring the time evolution
f the impedance response of symmetrical Li/electrolyte/Li cells
ept at open circuit. Under these conditions, it is possible to
valuate the value of the resistance of the lithium/electrolyte
nterface which in turn, can be associated with the growth of a
assivating layer on the lithium surface.

Fig. 4 shows the results for cells using the SZ-PEO-5 and
Z-PEO-10 samples, respectively, as the electrolyte. Although
lightly increasing with time, the value of the interfacial resis-
ance is very low, i.e. maintained within 10 � cm2. This in turn
emonstrates that in these ZrO2-based NCPEs, the lithium pas-
rowth of this layer is very modest.
This unique interface stability is certainly promoted by the

ispersed filler. As already pointed out in previous work [5,6],

ig. 4. Time evolution of the impedance response of symmetrical Li/
lectrolyte/Li cells kept under open circuit voltage. Electrolyte: SZ-PEO-5 and
Z-PEO-10. Temperature 100 ◦C. Data obtained by impedance spectroscopy.
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Fig. 5. Current–voltage response of a MCMB carbon electrode in a cell using
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he SZ-free PEO, SZ-PEO-5 and SZ-PEO-10, respectively, as the electrolyte.
ithium foil counter electrode. Scan rate: 0.1 mV s−1. Temperature 100 ◦C.

he dispersion of ceramic fillers in PEO-based electrolytes, in
ddition to enhancing conductivity, also improve the stability of
he interface with the lithium metal electrode. The latter pro-

otion action has been assumed to be associated with both a
cavenging effect, since the fillers, due to their affinity with the
iquid, trap liquid impurities removing them from the interface,
s well as to a shielding effect, since the fillers, being of low
article size and finely dispersed in the polymer bulk, inhibit
endrite growth [6]. This model, already applied to other types
f composite polymer electrolytes, is finally confirmed in this
ork by the data in Fig. 4.
Lithium rechargeable batteries are usually based on lithium

nsertion cathodes which operate around 4 V. It is then important
o determine whether the selected electrolyte can withstand this
oltage level. Fig. 5 compares the current–voltage response of
MCMB carbon electrode in cells using the SZ-free PEO, the
Z-PEO-5 and the SZ-PEO-10, respectively, as the electrolyte
nd a lithium foil as the counter electrode. Under these condi-
ions, the current onset of the cells may be assumed to be the
ecomposition voltage of the given electrolyte. One can see that
hile the cell based on plain, ceramic-free electrolytes shows
ome current flow around 4.0 V, those based on the two S-ZrO2-
dded composite electrolytes are inert up to 4.2 V with a very
ow residual current prior to this voltage. This demonstrates the
igh stability and purity of these electrolytes.

[
[
[

ources 161 (2006) 560–564

. Conclusion

The data reported in this work confirm the unique role of
he S-ZrO2 fillers in enhancing the properties of PEO-based
olymer electrolytes. By reporting and discussing the thermal,
ransport and interfacial behavior of S-ZrO2 added electrolytes,
e show that these new types of NCPEs have conductivity val-
es which largely exceed that of the corresponding S-ZrO2-free
olymer electrolytes. In addition, these NCPEs have an excep-
ionally stable interface with the lithium metal electrode and an
lectrochemical stability window which extends to 4.2 V ver-
us Li. These features make the S-ZrO2-based NCPEs very
romising electrolytes for the development of advanced, high-
erformance lithium polymer rechargeable batteries operating
n a medium temperature range. Preliminary results obtained in
revious work confirm this expectation [9]. This investigation
s in progress in our laboratories. The detailed evaluation of the
harge–discharge characteristics of these batteries under differ-
nt temperature and rate conditions, as well as of their thermal
tability, will be reported in a following paper.
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