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Abstract 

Performance data of several linear and cross-linked polymer electrolytes are reported and the electrochemical criteria for the selection of 
electrolytes to be used in electric vehicle lithium metal batteries are discussed. Further, laboratory lithium cells with LiMn,O, composite 
cathode were tested to ascertain the effective viability of these polymer in solid-state batteries and preliminary results are reported. This study 
clearly demonstrates the importance of a broad-based electrochemical characterization in selecting an electrolyte for lithium metal batteries. 
0 1997 Elsevier Science S.A. 
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1. Introduction 

The success of the rocking-chair batteries does not neces- 
sarily mean that lithium metal rechargeable batteries are out 
of the picture [ 1 ] In principle lithium metal batteries provide 
high energy density required by modem devices, so that atten- 
tion should be focused on improving the lithium interface 
stability and enhancing battery cycle life, two crucial aspects 
of this very appealing energy storage system. Accordingly, 
we are working on the development of polymer electrolytes 
for electric vehicle (EV) lithium metal batteries, withlithium 
manganese oxide operating under 4 V as the cathode active 
material. 

A composite polymer electrolyte based on linear 
poly (ethylene oxide) (PEO) , Li [ (SO,CF,),N] salt and 
y-LiAlO, ceramic filler, and prepared by the traditional 
solution-casting process, is a promising candidate for EV 
lithium polymer batteries [ 21. Combining y-LiAlO, with 
Li [ (SO,CF,),N] gives the PEO-based electrolyte an excep- 
tionally slow recrystallization rate and enhances greatly the 
lithium interface stability as well as the mechanical properties 
of the electrolyte [ 21. Scaling up to industrial polymer elec- 
trolyte manufacture would conceiveably require polymer 
electrolytes which do not require the solution-casting proce- 
dure in which a toxic solvent such as acetonitrile has to be 
removed from the polymer and the salt solution. Accordingly, 
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two different approaches have been pursued: the first involves 
the use of linear PEO in gel organic solutions of lithium salts, 
with the addition of y-LiAlO, to enhance mechanical prop- 
erties, and the second involves the chemical curing by a 
trifunctional cross-linking agent of viscous liquid mixtures 
of light-weight poly(ethylene glycol) (PEG) and lithium 
salts with and without the addition of organic plasticizers and 
ceramic filler. 

The present paper reports performance data of several of 
these newly designed polymer electrolytes and discusses the 
criteria of their selection for use in EV lithium batteries. The 
tested polymer systems are listed in Table 1, and the perform- 
ance data of the composite PEO-Li [ (SO,CF,),N] are 
shown for comparison [ 21. Preliminary test results of Li/ 
LiMn,O, laboratory cells with selected polymer electrolytes 
are also reported and discussed. 

2. Experimental 

2.1. Linear electrolyte preparations 

The plasticized linear PEO-based electrolytes were pre- 
pared in a glove-box by dissolving the LiS03CF3 salt in liquid 
poly ( ethylene glycol) dimethylether ( PEGDME) or y 
butyrolactone ( y-BL) under stirring at 50 “C for 2 h. After 
salt dissolution, the ceramic filler y-LiAIOz was dispersed in 
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Table I 
List of the tested polymer electrolytes 

Polymer Salt Plasticizer Filler O/Li 

Linear 
Polymer 
Electrolyte 

Cross-linked 
Polymer 
Electrolyte 

PEO ’ 
PEO 
PEO 
PEG d-Desmodur R ’ 
PEG-Desmodur RE 
PEG-Desmodur RE 
PEG-Desmodur RE 
PEG-Desmodur RE 

Li[(SOKF,),Nl 
LiSO,CF, 
LiS03CF3 
Li[(WCW,Nl 
LiSO,CF, 
LiSO$F, 
LiSO,CF, 
LiSO,CF, 

PEGDME h 
y-BL ’ 

PEGDME 
PEGDME 
y-BL 

y-LiAlO, 8 
y-LiAlO* 14 
y-LiAlO, 8 

18 
18 
18 

-y-LiAlO, 18 
18 

a PEO: poly(ethyleneoxide), mol. wt. 600 000. 
h PEGDME: poly(ethylene glycol) dimethylether, mol. wt. 500. 
’ y-BL: y-butyrolactone. 
d PEG: poly( ethylene glycol), mol. wt. 2000. 
e DESMODUR RE: 4,4’,4”-methylidynetrisphenylisocyanate. 

the solutions and PEO added to the mixtures at 120-130 “C. 
The resulting polymer electrolytes had a PEO/ y-BL or PEG/ 
PEGDME ratio of 1:4.2. The viscous mixtures were placed 
in a Teflon vessel or between two Teflon sheets and pressed 
between glass plates. The ratio O/Li was 8 (see Ref. [ 21, 
and Refs. therein) for all the electrolytes and the content of 
the ceramic filler was 5 wt.% of the total mixture. The elec- 
trolyte thickness was in the 0.8X1.3 mm range. 

2.2. Cross-linked electrolyte preparations 

Polymer films were prepared in a glove-box by chemical 
cross-linking of PEG-salt complexes with Desmodur RE [ 31 
with and without plasticizer and ceramic filler. The lithium 
salts were dissolved under stirring in PEG or in a mixture of 
PEG-PEGDME or of PEG-yBL. The plasticized polymer 
electrolytes had a 1: 1 PEG/plasticizer (PEGDME or y-BL) 
ratio and the O/Li ratio was N 18. The y-LiAlO, ceramic 
filler was dispersed in the PEG-PEGDME-LiSO,CF, elec- 
trolyte before adding of the cross-linking agent. The cross- 
linking time was considerably reduced with y-LiAlO*. The 
electrolyte thickness was in the range 0.5-0.1 mm. More 
details are reported in Ref. [ 31. 

2.3. Impedance measurements 

The ionic conductivity of the polymer films and the lithium 
interface phenomena were evaluated by impedance spectros- 
copy using a 1255 Solar&on frequency response analyser 
(FRA) coupled to a 273 PAR potentiostat/galvanostat, both 
interfaced with a personal computer. Blocking cells with 
stainless-steel electrodes were used for conductivity meas- 
urements, and lithium symmetrical non-blocking cells were 
used to investigate interface phenomena. A 10 mV a.c. per- 
turbation was used and the data were collected over a fre- 
quency range from 100 kHz to 1 Hz in conductivity 
measurements and from 100 kHz to 10 mHz in interface 
investigation by recording ten points/decade. The impedance 
results were examined by Boukamp’s fitting program [4] 

using a modified Randles circuit [ 21 as a model for lithium 
symmetrical cells. 

2.4. Electrochemical window 

The electrochemical stability window ofpolymer films was 
evaluated on cell with stainless-steel working and lithium 
counter electrodes by linear sweep voltammetry at 70 “C 
using a computer-interfaced 273 PAR potentiostat/ 
galvanostat. 

2.5. Transference number determination 

The lithium transference number was evaluated afterBruce 
and co-workers [ 5,6] by determining the a.c. impedance of 
a lithium symmetrical non-blocking cell and measuring 
the steady-state current (I”) under d.c. polarization (A V= 
10 mV) .The transference number is 

T+ =Z”(AV-PR:)iP(AV-Z”R;) (1) 

where the initial current was evaluated as 

P=AvIR~+R: (2) 

where Rk and Ro are the bulk and the lithium interface resis- 
tances before polarization andRs is the lithium interface resis- 
tance after polarization. 

2.6. Lithium deposition-stripping process 

The lithium-electrolyte interface was tested after deposi- 
tion and stripping a large amount of lithium (comparable 
with that involved in battery prototypes). The cycling tests 
were performed on symmetrical lithium cells using different 
current densities at 70 “C and the interface phenomena were 
evaluated by impedance spectroscopy before and after 
cycling. 

The coulombic efficiency of the lithium deposition-strip- 
ping process was investigated by cyclic voltammetry (CV) 
using cells with a stainless-steel or aluminium working elec- 
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trode and a lithium counter electrode at 70°C in the potential 
range from 2.0 V to - 0.5 V versus Li. 

The coulombic efficiency was also tested by galvanostatic 
deposition-stripping carried out in cells with stainless-steel 
working and lithium counter electrodes. A large amount of 
lithium (l-2 C cm-‘) was deposited on the working elec- 
trode, then 10% of the initial amount was discharged and 
charged, and the average efficiency of the process was cal- 
culated from the following equation [ 71 

x= tqc-(xql-qJ~Nl/q, (3) 

where N is the number of cycles and qc, q1 and qr are the 
charges involved in a single deposition process, initial mas- 
sive lithium deposition and final discharge, respectively. The 
potential of the working electrode was continuously checked 
and the final process was interrupted when the working 
electrode potential exceeded 1 V versus lithium. The equip 
ment was a computer-interfaced 273A PAR potentiostat/ 
galvanostat. 

2.7. Electrochemical quartz crystal microbalance 
measurements 

Electrochemical quartz crystal microbalance (EQCM) 
measurements were carried out to examine the lithium dep 
osition process in liquid electrolyte PEGDME(250)- 
LiS03CF3 (O/Li= 18 and water content 135 ppm). The 
equipment was a (QCA917) Quartz Crystal analyser 
(SEIKO EG&G) connected to a computer-interfaced 273A 
PAR potentiostat/galvanostat. The working electrode con- 
sisted of platinum (5 mm diameter) deposited on 9 MHz, 
AT-cut quartz crystal, the reference electrode of a lithium rod 
and the counter-electrode of a lithium foil. Lithium was 
deposited from the solution using different current densities 
and the frequency variation (Afi was related to the mass 
change (Am) of the working electrode [ 81 

Af = - 2.26 x lo-6f2Am (4) 

where f is the quartz crystal resonant frequency before the 
lithium deposition; both Afandfare expressed in Hz and Am 
in g cm-‘. The measurements were carried out in a MBraun 
argon-filled dry box (water < 1 ppm and oxygen < 1 ppm) 
at 30 “C. 

2.8. Battery tests 

The batteries were assembled by placing a thin film of 
polymer electrolyte between a lithium disk (0.75 mm thick, 
Aldrich) and a composite cathode. The composite cathodes 
were prepared by dry mixing and pressing lithium manganese 
oxides [ 91, graphite powder (Aldrich) and polytetrafluoro- 
ethylene (PTFE) on stainless-steel grids in the 76:9:15 
weight ratio. The area and thickness of positive electrodes 
were 0.8 cm* and 0.18 mm, respectively, and the weight of 
cathodic mixture was in the 10-20 mg range. 

Preliminary battery tests were carried out by repeating 
charge/discharge galvanostatic cycles at 90 “C for the bat- 
teries with cross-linked electrolytes and at 70 “C for those 
with the PEO-based linear electrolytes. The potential range 
was 2.0-3.8 V versus lithium. The current density was 70 pA 
cm -* and the discharge rate was C/28; cycleability data were 
collected by a computer-interfaced 545 AMFL galvanostat/ 
electrometer. All the battery prototypes were sealed in a 
MBraun argon-filled dry box. 

3. Results and discussion 

Given that the ‘ideal’ polymer electrolyte is characterized 
by high conductivity ( > lop4 S cm-‘) at room temperature, 
a wide electrochemical window ( > 5 V), a low and stable 
Lilelectrolyte interface resistance, a unity transference num- 
ber of the lithium ion, 100% coulombic efficiency of the 
lithium deposition-stripping process, good mechanical 
strength and an environmental friendly manufacturing 
method, selecting the best-performing polymer electrolytes 
involves an acceptable compromise of these requisites. 

3.1. Conductivity and electrochemical window 

Figs. 1 and 2 show the temperature dependence of the ionic 
conductivity of the linear and cross-linked polymer electro- 
lytes evaluated during the first heating cycle from room tem- 
perature to 90 “C. Unlike the PEGLi[ (SO,CF,),N]- 
YLiAlO, composite, each new polymer electrolytes display 
the same conductivity values during the heating and the cool- 
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Pig. 1. Temperature dependence of the ionic conductivity of the PEO-based 
linear polymer electrolytes evaluated during the first heating cycle from 
room temperature to 90 “C. 
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Fig. 2. Temperature dependence of the ionic conductivity of the cross-linked 
polymer electrolytes evaluated during the first heating cycle from room 
temperature to 90 “C. 

ing cycles. They reach the lop4 S cm-’ conductivity value 
at temperatures that are easily practicable in EV batteries. As 
expected, the addition of a plasticizer in cross-linked poly- 
mers increases the conductivity at all temperatures and the 
electrolytes with yBL display conductivity values higher 
than those with PEGDME. The thermal stability of the cross- 
linked electrolytes is very satisfactory even at temperatures 
higher than 90 “C, although the use of the plasticized linear 
PEO electrolytes is not suggested at temperatures over 70- 
80 “C. The oxidation stability of these electrolytes was eval- 
uated by linear sweep voltammetry from 2.5 to 4.5 V versus 
lithium; the recorded currents are negligible up to 4 V 
( < 1%) with respect to the charge/discharge currents of Li/ 
LiMn,O, cell prototypes, so that all these polymer electro- 
lytes are suitable for this energy storage system. 

3.2. Lithium intelface stability 

A reasonable goal under working conditions is a cell poten- 
tial drop no greater than 10% of the open-circuit voltage. 
Thus, given the current density values required for EV appli- 
cations, the cell internal resistance (including bulk, interface 
and diffusion resistances) should not exceed a few hundred 
fi cm’. Yet it is also well known that the stability over time 
of the lithium interface resistance is a critical factor, and 
particular attention was focused on it. Symmetrical, freshly 
prepared Li/electrolyte/Li cells continuously stored at room 
temperature were heated to 70 “C for impedance spectroscopy 
and then returned to room temperature for further storage 
time. These conditions were tested because room temperature 
was assumed to be the most common storage temperature 
and 70 “C to be a standard working temperature. Figs. 3 and 

4 compare the evolution over time of a single lithium interface 
resistance as well as the bulk resistance for the linear and 
cross-linked polymer electrolytes, respectively. For a better 
comparison, the bulk resistance values have been scaled to a 
cell of 1 cm2 area and 100 pm thickness. The data of the 
cross-linked polymer with LiSO,CF,, PEGDME and ‘)” 
LiAlO, are not reported in the figure because, even if its 
lithium interface resistance remains almost constant at a low 
value, the bulk resistance sharply decreases over storage time, 
leading to short circuits of the cells. Given the good mechan- 
ical strength of these rubber-like cross-linked electrolytes, 
this behaviour is due to a degradation process of the polymer 
electrolyte by the lithium metal catalysed by the y-LiAIO,. 

Fig. 3. Time evolution at 70 “C of the bulk (Ro) and Li/electrolytc interface 
(R,) resistances for the linear polymer electrolytes. Rsz have been scaled to 
a cell area of 1 cm’ and a thickness of 0.1 mm. 
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Fig. 4. Time evolution at 70°C of the bulk (R,,) and Li/electrolyte interface 
(Ri) resistances for the cross-linked polymer electrolytes. Rn have been 
scaled to a cell area of 1 cm* and a thickness of 0.1 mm. 
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Indeed, where the polymer is cross-linked in the presence of 
the same salt and plasticizer without the ceramic filler, it is 
very stable with respect to the lithium electrode. The linear 
and cross-linked polymer electrolytes having y-BL as plas- 
ticizer are not feasable in lithium metal batteries as both R, 
and Ri dramatically grow over storage time. By contrast, all 
the other polymer electrolytes are stable and their low lithium 
interface resistance values compare well with that of the com- 
posite PEO-Li [ ( SO&F,) ,N]-y-LiAlO, [ 21. 

3.3. Transference number 

The transference numbers (T’ ) were evaluated for the 
electrolytes that demonstrated satisfactory lithium interface 
stability and the data are reported in Table 2. 

The T + value of the cross-linked polymer electrolyte with 
Li[ (SO,CF,),N] salt is surprising low, while those polymer 
electrolytes with LiSO,CF, salt compare well with at of the 
conventional PEO-linear LiSO,CF, [ IO]. Favourably high 
is the transference number of the PEO-LiSOJF,- 
PEGDME-y-LiA102. Table 2 also summarizes characteris- 
tics of these polymer electrolytes such as mechanical 
appearance, cross-linking time, the temperature at which pol- 
ymer conductivity reaches the minimum value ( 1O-4 S 
cm- ‘) for battery applications (i.e. the minimum operating 
temperature TO,), lithium interface resistance, and whether 
the interface resistance remains stable during more than 70s 
1000 h. On the basis of all these characteristics the two most 
promising polymer electrolytes are PEO-LiSO&F,- 
PEGDME-y-LiA102 and PEG-PEGDME-LiSO&F,. They 
have comparable TOP, lithium interface resistance (Ri) and 
lithium interface stability, and the linear electrolyte PEO- 
LiS03CF,-PEGDME-y-LiAIOZ has the advantage of a 
higher transference number. However, the cross-linked elec- 
trolyte has the advantage of a high mechanical strength even 
at high temperatures ( > 70 “C), so that a battery with PEG- 
PEGDME-LiSO,CF, could work at temperatures higher than 
70 “C with the further advantage of a reduction of the interface 
resistance ( 10 fl cm2 at 90 “C) . 

3.4. Lithium deposition-stripping process 

This selection was based on parameters determined in 
quasi-static conditions. To evaluate if the selected polymers 
can successfully sustain the transfer of a large amount of 
charge, impedance spectroscopy was employed to investigate 
how the internal resistance of the symmetrical lithium cells 
is modified by repeated galvanostatic cycles at 0.07 to 0.14 
mA cm -‘involving 3.5 C cm-‘, which corresponds to about 
50% of the theoretical capacity of the selected cathode mate- 
rial (LiMn,O, composite). The comparison of the impedance 
spectra recorded before and after deposition-stripping cycles 
evinced no variation of the internal resistance (bulk and inter- 
face) after cycles at a high current density but a significant 
increase at the low one. 
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Correctly evaluating the coulombic efficiency of the lith- 
ium deposition-stripping process so as to estimate the excess 
metal lithium needed is a very difficult task. Although CV is 
not exactly representative of the process in a battery, it did 
show that coulombic efficiency depends on the substrate type 
as well as on the sweep rate. High efficiency values (90- 
97%) were recorded for aluminium electrodes at 20 mV s-l. 
The decrease in the efficiency values as the sweep rate 
decreases has been explained [ 111 by a competitive rate of 
lithium deposition and lithium passivation processes. The 
efficiency values were also determined by galvanostatic dep- 
osition-stripping cycles (see the experimental part) and 
proved to be dependent on current density: at 0.18 mA cm-’ 
the values did not exceed 60%. 

To gain insight into the processes leading to lithium pas- 
sivation the mass changes during galvanostatic deposition of 
lithium at different current densities were monitored by 
EQCM. Preliminary experiments were carried out in 
PEGDME, which is a common component of the two most 
promising electrolytes, and we used the polyether having 250 
mol. wt., which is liquid at room temperature. An example 
of the results at 0.4 mA cm-‘, scaled as mass variation Am 
(by Eq. (4) ) against the amount of the charge passed (scaled 

18. 1 “1. ’ I 
0,o 0.2 0,4 0,6 ‘33 

QI pFaraday 
Fig. 5. Mass variation vs. amount of charge galvanostatic lithium deposition 
at 0.4 mA cm-’ in a PEGDME 25cLiS03CF, solution. 

0 

. 

0 

. 

as electron mole by dividing by the Faraday constant) is 
shown in Fig. 5. The slope value of the curve as derived from 
linear regression (see the inset in the figure) is higher than 7 
g/F, the value for metal lithium deposition, and the values 
obtained at the lower current densities are significantly higher 
(1.5 g/F at 0.25 mA cm-2). These findings, even if very 
preliminary, are in line with all the results reported above. 
EQCM measurements could be a fundamental aid in opti- 
mizing the working conditions of lithium metal batteries in 
addition to being very useful in checking the effect of addi- 
tives designed to reduce the lithium passivation rate. 

3.5. Battery tests 

The four new electrolytes showing lithium interface sta- 
bility were also tested in Li/LiMn,O, cells (Fig. 6). For a 
better comparison, these prototypes had composite cathode 
materials with PTFF as the binder. The figure shows their 
discharge capacity as a percentage of the theoretical capacity 
over the first ten cycles at C/28 discharge rate. Note that the 
cycleability performance of these four batteries follows the 
same order as the electrolyte (VT’ ) values, indicating that 
the main part of the internal resistance of these cells is due to 
ion transport phenomena (bulk and diffusion resistances). 
Given that cycleability tests on the same composite cathode 
material in PEGDME( 250)-LiSO&F, liquid electrolyte at 
room temperature and at C/10 showed about 70% of the 
theoretical capacity [ 91 the results for the battery with PEO- 
PEGDME-LiCF,SO,-y-LiA102 are very promising. In the 
solid configuration the battery performance was expected to 
be lower because neither cathode composition nor film thick- 
nesses were optimized. However, we can compare the elec- 
trolyte influence by the performance of the battery. 

4. Conclusions 

The present study clearly demonstrates the importance of 
a broad-based electrochemical characterisation in selecting 
an electrolyte for lithium metal batteries. Two polymer elec- 

0 PEO-PEGDME- LiCFJsOJ ---+I02 
l PEG-PEGDME-LiCF$S03 
0 PEG-LiCF&03 
A PEG-Li[(SO,CF&N] 

0 0 0 0 0 0 

cycle numbers 

Fig. 6. Discharge capacity as a percentage of the theoretical cipacity vs. cycle number for the Li/LiMn,O, batteries based on the linear and cross-linked 
electrolytes. 
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trolytes with an environment-friendly manufacturing method 
proved to be promising candidates for lithium metal batteries. 

The litium deposition-stripping process, an important 
aspect of these batteries, still remains an open question. The 
EQCM technique appears to be a useful tool for process 
optimization and is currently being tested in our laboratory. 
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