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Abstract

In this report are described the fabrication and the characterization of a lithium-metal, polymer electrolyte battery using a V,Og
xerogel cathode. The system operates at moderate temperatures (80—100°C). The electrochemical characterization of separate components
as well as of small scale devices is aso reported. The work is focused on the determination of important ‘application’ properties of the
polymer electrolyte, i.e., the properties of the polymer electrolyte in real systems and true operating conditions. The work was devel oped
within the ALPE (Advanced Lithium Polymer Electrolyte) project, an Italian project devoted to the redlization of lithium polymer
batteries for electric vehicle applications, in collaboration with the Corrosion Research Center of the University of Minnesota. © 1998

Elsevier Science S.A. All rights reserved.
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1. Introduction

More than two decades of scientific and industria
research have finally made rechargeable lithium batteries
commercialy available on a large production scale. The
batteries, commonly called lithium-ion or rocking-chair
batteries, are all based on a liquid electrolyte and two
intercalation electrodes. Despite the progress, the batteries
are not being developed rapidly for electric vehicle appli-
cations. In fact, although the performance is extremely
good for consumer market applications, especialy because
of the very long life (> 1000 cycles), the lithium-ion
battery chemistry does partially lack three of the funda-
mental requirements of batteries for electric vehicle appli-
cation: specific energy, cost and safety. The cathode mate-
rials now used are largely responsible for all three draw-
backs. Lithiated transition metal oxides (LiCoO, and
LiNiO,) are expensive, with a somewhat limited specific
capacity (<150 mA h/g), and are not environmentally
friendly. The use of a liquid electrolyte also compromises
the safety of the devices. Leakage of a flammable elec-
trolyte and the production of gases upon overcharge or
overdischarge are only a few of the problems.

A somewhat ‘old’ battery system for electric vehicle
applications [1,2] is based on the use of a polymer elec-
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trolyte in conjunction with a lithium anode and with a
moderate voltage cathode (~ 3 V). Such a system has been
studied for at least two decades since the introduction of
polymer electrolytes [3] in 1979. However, its develop-
ment has been delayed by afew problems, namely: the low
ionic conductivity of the polymer electrolyte and the poor
characteristics of the lithium—polymer electrolyte interface.

The first drawback arises because the operating temper-
ature of polymer electrolyte batteries is above the ambient
temperature (60—100°C). This creates the need for appro-
priate thermal management in order to operate the batter-
ies. However, it must be recognized that even lithium-ion
batteries for electric vehicles need thermal management
and a temperature conditioning apparatus. In fact, although
such batteries have a wide operating temperature range
(usualy from —20 to +50°C), their performance is af-
fected by the temperature. In some climates, e.g., in Min-
nesota, the ambient temperature excursion in winter can
easily exceed the operating range of the lithium-ion batter-
ies.

The second and more stringent cause of the delay of
development is determined by the characteristics of the
lithium—polymer electrolyte interface. In fact, although the
polymer electrolyte in contact with lithium is much more
stable than any liquid electrolyte known, yet it reacts. This
leads to the formation of a layer of reaction products on
the lithium electrode surface. Such a layer, caled passiva-
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tion layer, has resistive characteristics that impedes the
electrode charge transfer. Thickness heterogeneity, fracture
or pin holes in the passive layer, act as starting points for
the growth of dendrites that can cause either battery short
circuit or efficiency loss. Furthermore, the formation of the
passive layer occurs at the expense of the lithium elec-
trode, i.e., it consumes the anode.

A few years ago, it was shown that such a problem
could be reduced by the addition of an inorganic filler in
the polymer eectrolyte formulation [4,5]. The research was
initially focused on the improvement of the ionic conduc-
tivity of the polymer electrolyte through the amorphization
of the polymer matrix. Successively, it has been found that
some inert fillers [5] strongly improve the stahility of the
lithium—polymer electrolyte interface. It was aso found
that the characteristics of the interface were strongly en-
hanced by avoiding the presence of any solvent or water in
the polymer electrolyte [4,6].

The present work started with this background. The
investigations were focused on the synthesis and the char-
acterization of polymer electrolytes and composite cathode
films prepared by avoiding the use of any solvent. The
work was initially focused on the optimization of the
morphology of the starting materials, the preparation of
very uniform mixtures and the formation of the polymer
electrolyte and the composite cathode films [7]. As it will
be shown in the following, the optimization was successful
and it enhanced the electrochemical properties of the poly-
mer electrolyte in terms of conductivity and stability of the
lithium—polymer electrolyte interface. These two proper-
ties are extremely important and have to be used for a first
screening of potential polymer electrolytes but, the main
focus of the present report is to address the problems
related to the complete lithium polymer electrolyte battery.
Therefore, most of the characterizations were devoted to
the interactions between the polymer electrolyte and the
two electrodes.

Small scale batteries were also prepared and character-
ized. The choice of the cathode was vanadium oxide
xerogel (V,0; XRG) because of its high capacity. In
previous work [8,9] it was shown that the material can
intercalate up to 4 equivalents of lithium per mole of V,0Og

at low rates (< C/50) and up to 2.7 equivalents at higher
rates (C/10). The latter value corresponds to a specific
capacity of 380 mA h/g and to a specific energy around 1
kW h/kg. Such high specific capacity and specific energy
are, to our best knowledge, unequaled by any other ca-
thodic intercalation compound.

The target of the work was to develop a lithium poly-
mer battery that could be discharged in approximately 5 h
or less with a delivered capacity above 150 mA h/g of
active material.

2. Experimental

The polymer electrolyte and the composite cathode
were prepared following the procedure described earlier
[4]. Bri€fly, the three components of the electrolyte, poly-
ethylene oxide (PEO) (SAF, High Purity, MW =
4,000,000), LiCF,SO, (SAF, High purity or 3V FCC122)
and y-LiAlO, (Cyprus, HSA10), were dried in dry argon
atmosphere (H,0O < 5 ppm) at 55, 120 and 300°C, respec-
tively. The V,0; XRG used in the composite cathode
formulation was synthesized as described in Ref. [10]. The
material was dried under vacuum a 100°C. The carbon
added into the composite cathode (Ketjen Black, AKZO
Nobel or Super P, MMM Carbon) was also dried at 120°C
under vacuum.

After drying, al components were carefully sieved
through 200 and 400 mesh sieves, to break or eliminate the
presence of macro-aggregates into smaller powder gran-
ules. They were gently mixed in the desired proportions by
ball milling for at least 12 h. The polymer electrolyte and
the composite cathode compositions are shown in Table 1.
The electrolyte composition was selected based on two
factors, the ionic conductivity and the lithium—polymer
electrolyte interfacial characteristics [6]. The composite
cathode was a mixture of the active material (V,05 XRG),
the electronic conductor (carbon KJB or Super P), the
lithium salt (LiCF;SO,) and the PEO (see Table 1). The
weight fractions of the latter two components were chosen
to give the same EO/Li ratio (EO: ethylene oxide unit) as
in the electrolyte.

Table 1

Composition of the polymer electrolyte, the composite cathode and the composite carbon electrodes
Electrolyte Composite cathode Carbon electrode Carbon electrode
(Yow /w) (%w /W) (%w /w) (%w /w)
EN20-20 VE20 CEl CE2 CE3

PEO 70.6 29.6 731 731 80.3

LiCF;SO4 12.8 54 129 12.9

LiClO, 9.7

~-LiAIO, 16.6

V,05 XRG 55.0

Carbon KJB 14.0

Carbon Super P 10.0 14.0 10.0
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The mixtures were hot-extruded at a temperature be-
tween 100 and 130°C as 1-mm thick, 30-mm wide ribbons.
Alternatively, in the case of small quantities of mixture,
the ribbons were formed by hot-pressing the mixturesin an
appropriate die. The ribbons were cold-calendered to form
thinner tapes. The minimum thickness of the tapes (0.05—
0.1 mm) was fixed by the quality of the calendering
equipment used. Thinner tapes, 0.02—-0.04 mm, are obtain-
able since the materials have very good mechanical proper-
ties. At room temperature, a force of a few kilograms is
needed to elongate and finally break a 0.1-mm thick,
30-mm wide polymer electrolyte or composite cathode
tapes. The electrolyte tapes were heated at 110°C under
pressure to relax the stress induced by the cold-calender-
ing. Such a step was not necessary for the composite
cathode tapes.

The geometric density (weight over volume ratio) of the
composite cathode tape was 1.26 g/cme. This value dif-
fered from the theoretical density (1.75 g/cm?®) calculated
from the density of the single components obtained by
helium picnometry (Micromeritics, AccuPyc 1330). The
difference in density clearly indicates the presence of void
space within the composite cathode tape. The volumetric
fraction of the components in the composite tapes was:
PEO,,LiCF,SO; 35%, carbon 6%, V,0; XRG 33% and
void space 27%. The polymer electrolyte tape was found
to have very little void space. In fact, the geometric
density was 1.49 g/cm® (vs. 1.57 g/cm® of calculated
density) corresponding to a volume expansion of only 5%.
Furthermore, such a volume expansion may have been due
to a change in density of the polymer (PEO) as a result of
the amorphization induced by the presence of the ceramic
filler.

To characterize the anodic stability of the polymer
electrolyte, special electrodic tapes were prepared. They
were composed of PEO, one of two different lithium salts
(LiCF;S0; and LiClO,) and either of two types of carbon
(Ketjen Black and Super P). The weight ratios of the three
components are reported in Table 1.

Throughout the whole procedure particular care was
taken to avoid exposure of the material to humid air. The
preparation steps were executed in controlled environ-
ments and the materials were frequently dried under vac-
uum at an appropriate temperature.

To characterize the above described materials, several
electrochemical set-ups were used:

SS304 /EN20-20 /SS304
Li /EN20-20/Composite
carbon €electrode

Li /JEN20-20/Li

Li /EN20-20/VE20

Conductivity
Anodic stability

Lithium cyclability
Battery performance

The electrochemical systems were contained either in
Teflon cells with SS current collectors or in commercial

2016 coin cell cases. All cells were assembled in a dry box
(H,O0<5 ppm) or a dry room (RH.< 1%). The cels
were tested in an oven at 90°C.

Cyclic voltammetry experiments were performed by
using a Solartron Electrochemical Interface (ECI 1287)
under computer control. Low sweep rate cyclic voltamme-
try (< 0.1 mV /s) was performed by means of an AMEL
cyclic voltammetry set-up.

Impedance measurements were performed by using a
Solartron Frequency Response Analyzer (FRA1260) cou-
pled, when needed, with a Solartron Electrochemical Inter-
face (ECI 1287).

Galvanostatic charge and discharge cycles and reverse
pulse experiments were performed by using a Maccor or
an Arbin battery cycler.

3. Results and discussion

The most important characteristic of a polymer elec-
trolyte is its ionic conductivity. In Fig. 1 is shown the
conductivity (vs. 1000/T) of the electrolyte
PEO,,LiCF,;SO; + 20% +v-LiAlIO, (EN20-20) prepared
with the enhanced procedure described earlier. For com-
parison purposes, the conductivity of an electrolyte having
the same composition but prepared via a less rigorous hot
pressing procedure is aso shown (data are taken from Ref.
[6]). The data in the Arrhenius plot clearly indicate the

1
o]

1

Conductivity, Ohm™ cm’

10 ] 1 1 1
2.6 2.8 3.0 3.2 3.4

1000/T, K!

Fig. 1. Arrhenius plot (conductivity vs. 1/T) of PEO,,LiCF;SO; + 20%
v-LiAlO, polymer electrolyte (squares, EN20-20) obtained with the
improved, dry procedure described in this work. For comparison pur-
poses, the conductivity of the same polymer electrolyte (circles) prepared
with the non-optimized process (from Ref. [6]) are also shown.
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Fig. 2. Evolution of the lithium—polymer electrolyte interfacial resistance
(dots) and polymer electrolyte bulk resistance (squares) of a
PEO,, LiCF;SO; +20% ~y-LiAIO, electrolyte (EN20-20) sandwiched be-
tween a lithium disc and a stainless steel electrode. T = 90°C.

enhancement in conductivity obtained in the EN20-20
electrolyte. The conductivity of EN20-20 at 60°C (10~*
S/cm) exceeded the conductivity of the other electrolyte
by more than one order of magnitude. Such an improve-
ment is due to a more uniform dispersion of the compo-
nents in the mixture, in particular the dispersion of the
inert filler (y-LiAIO,). In fact, it is the latter component
that reduces the crystalline nature of the PEO and in-
creases the mobility of the polymer chains thereby enhanc-
ing the ionic conductivity of the polymer electrolyte [4,11].
As a result, the EN20-20 conductivity at 60°C is above

0.1

800

P.P. Prosini et al. / Journal of Power Sources 75 (1998) 73-83

T

20 F ]

< 10[F ]

g [ ]

2 X ]

Z2 00 | -

[ o 4

o) : ]

E 1.0 L " ]
0T o

© — - - 1mV/s A

2.0 —_— -05mV/s ]

PR TRNN N ST TN TN TN NN SN TN TN TN NN T TN TN TN NN ST SR SY WO MY Y b

-2.0 -1.0 0.0 1.0 2.0

Cell Voltage, V

Fig. 4. Cyclic voltammetry of a PEO,,LiCF;SO; +20% v-LiAIO, elec-
trolyte (EN20-20) sandwiched between two lithium discs. Sweep rates
were 0.5, 1, 5and 10 mV /s. T = 90°C.

10~* S/cm. Such a value is considered as a conductivity
threshold above which it is possible to use the polymer
electrolyte in a battery. As it will be discussed later, this
threshold is a very rough estimation because it does not
differentiate the cation and the anion contribution to the
conductivity.

The polymer electrolyte must also be stable with the
lithium anode. To investigate this issue, two different tests
were performed in quasi-rest conditions and under kinetic
control to simulate the lithium—polymer electrolyte inter-

Time, s
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Fig. 3. Galvanostatic pulse test (+0.2 mA /cm?) on a symmetric Li /EN20-20/Li cell. Upper plot: cell voltage behavior during the application of a pulse
(120th cycle). Lower plot: end of pulse voltage evolution upon cycling. T = 90°C.
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face behavior upon storage and operation of a lithium
polymer battery, respectively.

The first characterization consisted in the determination
of the polymer electrolyte bulk impedance and the
lithium—polymer electrolyte interfacial impedance by
means of electrochemical impedance analysis. Fig. 2 shows
the evolution of the two impedances for a EN20-20 poly-
mer electrolyte disc (0.1 mm thick) sandwiched between a
lithium electrode and a stainless steel electrode. The re-
sults, taken over a period of time longer than two months,
indicate a stable lithium—polymer electrolyte interface. The
interfacial impedance (dots in Fig. 2) showed an initia
decrease, due to mechanical improvement of the interfacial
contact, followed by a slow increase, up to about 45
Q/cm? after 80 days. Even more interesting is the behav-
ior of the polymer electrolyte bulk impedance (squares in
Fig. 2) that, over the same period of time, did not show
any change. In the presence of a reaction between the
polymer electrolyte and the lithium electrode, the bulk

impedance would be expected to change with time as the
result of the formation of reaction products. The constancy
of the bulk electrolyte impedance can then be taken as an
indirect confirmation of the chemical stability of the poly-
mer electrolyte in contact with metallic lithium.

Fig. 3 illustrates the behavior of a symmetric cell
Li /EN20-20 /Li upon short galvanostatic (+ 0.2 mA /cm?;
1000 s) lithium plating—stripping cycles. The cell was
constructed with a layer of polymer electrolyte 0.1 mm
thick, sandwiched between two lithium electrodes. A typi-
ca cycle after stabilization (120th cycle) is shown in Fig.
3A. The cycle is symmetrical as expected from a symmet-
ric cell that is unaffected by parasitic electrochemical or
chemical reactions. In Fig. 3B is reported the cell voltage
at the end of the galvanostatic pulses. In the early cycles,
the cell voltage at the end of the cycles is seen to be very
low, around 5 mV. The voltage/current ratio in these
cycles gives a total internal impedance of 25 /cm?, in
good agreement with the results obtained by impedance
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Fig. 5. Elaboration of the cyclic voltammetry results shown in Fig. 4.
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(see Fig. 2). Upon cycling the voltage at the end of pulseis
seen to increase slowly and somewhat randomly until the
85th cycle (Fig. 3B). At this time, the end-of-pulse voltage
stabilized at 48 mV corresponding to an internal impedance
of 240 ) /cm?. The additional resistance is obviously due
to the formation of a passivation layer at the lithium—elec-
trolyte interface that is formed and destroyed, respectively
during the lithium plating and stripping cycles [12]. The
somewhat random end-of-pulse voltage is seen to corre-
spond to the formation of the passivation layer. When the
layer is completely formed, any further reaction is pre-
vented or at least reduced. Similar cells were cycled for
more than 500 cycles without substantial change in the cell
voltage behavior. The lithium plating—stripping efficiency
was measured by using a symmetric cell in which one of
the two Li electrodes was a few times lighter than the
other. A fixed amount of lithium was cycled back and
forth in such a cell until the lithium of the thinner elec-
trode was completely consumed by the parasitic reactions,
i.e., passivation. By knowing the amount of lithium in the
thinner electrode, the amount of lithium oxidized and
reduced in each cycle and the number of cycles obtained, it
is possible to calculate the efficiency of the lithium plat-
ing—stripping processes. Values as high as 98% have been
calculated that indicate a stable lithium—polymer interface
at the operating conditions, i.e,, when a current flows
through the electrolyte.

In Fig. 4 are illustrated the two-electrode cyclic voltam-
metry curves of a PEO,LiCFSO; +20% +-LiAlO,
(EN20-20) electrolyte layer sandwiched between two
lithium discs. The sweep rate was changed from 0.1 mV /s
to 10 mV /s. From the figure one sees that the anodic and
the cathodic parts of the cycle are symmetric. The ratios of
the anodic and the cathodic peak currents are very close to
unity (see table in Fig. 5). Asdiscussed in Ref. [13], aratio
of unity can be associated with a reversible or quasi-re-
versible process. A further confirmation is given by the
behavior of the I, Vvs. (sweep rate)/* plot (Fig. 5A)
where the peak current is initially seen to increase propor-
tionally with the sguare root of the sweep rate a low
sweep rates (<1 mV/s). At higher sweep rates (=5
mV /s), a deviation from the linear correspondence is
shown in the plot. Such behavior is quite common and is
typical of a process that is reversible at low sweep rates
and becomes irreversible at higher rates after passing
through a quasi-reversible region at intermediate values of
sweep rates. The transition from reversibility occurs when
the relative rate of the electron transfer with respect to that
of mass transport is insufficient to maintain Nernstian
equilibrium at the electrode surface.

The test of reversibility with the cyclic voltammetry
technique involves the satisfaction of several regquirements
that are related to the current peak positions (8). Unfortu-
nately, the absence of a reference electrode in the cells
under test did not permit an accurate determination of the
electrode potential during the cyclic voltammetry tests.

Despite the shortcomings of the procedure, we evaluated
the reversibility of the cells as follows. If the anodic peak
voltage is plotted vs. the peak current (Fig. 5B) a linear
correlation is found. The data fall on a straight line the
slope of which is assumed to correspond to the ohmic drop
in the electrolyte (the assumption considers that only the
electrolyte ohmic drop correlates linearly the current and
the voltage). When the voltage is corrected for the ohmic
drop, i.e,, V-Ri instead of V is used in the plot, the peak
position becomes independent of the sweep rate, as shown
in Fig. 5C (anodic part). The peak separation is larger than
what would be expected for areversible process (~ 72 mV
at 90°C), but is in the expected range for a quasi-reversible
electrochemical reaction.

Summarizing, the cyclic voltammetry experiments
showed that the lithium plating and stripping process from
a polymer electrolyte has a reversible character. This con-
firmed the results of the galvanostatic experiments de-
scribed earlier. Irreversible processes such as the reaction
of the newly formed metallic lithium (plating) or lithium
ions (stripping) with the polymer electrolyte, have a minor
influence on the behavior of the lithium—polymer elec-
trolyte interface.

As stated before, the conductivity of the EN20-20 poly-
mer electrolyte allows its use in a battery at temperatures
above 60°C. Nevertheless, high performance systems re-
quire the flow of very high currents through the electrolyte
in the battery, even above the limiting diffusion current.
As a consequence, the current flowing through the elec-
trolyte in such circumstances cannot be sustained forever.
After a certain amount of time, the overvoltage related to
the establishment of a concentration gradient in the elec-
trolyte will suddenly increase in an exponentia fashion as
predicted by the Sand equation [14]. The time dependent
behavior has been verified experimentally on a cell con-
sisting of a layer of EN20-20 polymer electrolyte sand-
wiched between two lithium electrodes. In Fig. 6 is shown
the voltage evolution of such a cell during the application
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Fig. 6. Voltage behavior showed during reversal galvanostatic pulse on a
symmetric Li /EN20-20/Li cell. The absolute value of the current pulses
was 0.29 (), 0.34 (b), 0.4 (c), 0.46 (d) 0.51 (e) mA /cm?. A rest period
was introduced between each single pulse. T = 90°C.
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of constant current pulses from 0.03 to 0.17 mA /cm?. As
predicted by the Sand equation, after an initial jump due to
the ohmic drop, the cell voltage stabilized and then rose
steeply.

The amount of time in which the cell voltage remains
stable, usually indicated with the letter 7, is expected to be
proportional to the inverse of the current squared (7 ot i ~2).
As a consequence, the amount of charge passed through
the electrolyte is proportiona to the inverse of the current
(Q=i=7rai™!). The latter equation can be inverted to
the more useful form Q! ai. In fact, the left part of the
equation yields O for any value of i lower than the limiting
current, i.e., the limiting current can be obtained from the
x-axis intercept of the Q! vs. i plot. Such a plot,
obtained from the results showed in Fig. 6, is reported in
Fig. 7. The data fall into a straight line with an intercept
that defines the polymer electrolyte limiting current (i, =
0.2 mA/cm? a 90°C). Further experiments (data not
shown) indicate that = as well as Q do not depend on the
polymer electrolyte thickness, for reasonable values of the
latter.

Summarizing, the galvanostatic experiments on the
polymer electrolyte indicate that once the electrolyte com-
position and the operating temperature have been fixed, the
total amount of charge that can pass through a layer of the
electrolyte depends only on the selected current density
(for i>i.).

The stability of the electrolyte toward oxidation pro-
cesses is relevant for the interface with the cathode and, is
another important issue for the selection of a polymer
electrolyte for battery applications. Other researcher [6]
have reported oxidation stability around +5 V for polymer
electrolytes with formulations similar to the present sys-
tem. Their experiments were performed by applying an
anodic voltage sweep to a cell consisting of a polymer
electrolyte sandwiched between two smooth, inert elec-
trodes (for example stainless steel or nickel), or between a
lithium electrode (counter-electrode) and an inert elec-
trode. The voltage was swept from the cell OCP towards
more anodic values until a large current due to the elec-

1/Charge Density, cm”/C

0.1 i 0.25 0.4 0.55
1, mA/cm’

Fig. 7. Dependence of the inverse charge density (Q~1) on the current
density. See text for details and explanations.
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sponded to the anion in the carbon electrode. T = 90°C.

trolyte decomposition at the inert electrode interface oc-
curred. The anodic stability limit was then taken as the
onset of such a current. However, we have noted that the
anodic stability of the polymer electrolyte measured in
such a way is usualy 1 V or more above the anodic
stability of the same material in a real battery with a
composite cathode. The reason for this difference lies in
the fact that the anodic oxidation reaction of the polymer
electrolyte in the latter occurs on finely divided carbon
particles rather than on smooth electrodes. Therefore, the
anodic stability measurements reported in the present work
were performed by using a composite electrode, with no
active material. The results obtained for alayer of EN20-20
polymer electrolyte sandwiched between a lithium elec-
trode and a composite carbon electrode (see Table 1 for
composition), are shown in Fig. 8 (Curve A). The anodic
stability limit was found to be dightly above 3.8 V (vs.
Li), i.e, aoout 1 V below the value obtained with a
smooth, inert electrode [10]. The reduction of the anodic
stability is certainly due to the very large contact area
between the polymer electrolyte and the carbon particles
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Fig. 9. Impedance spectra of the battery Li /EN20-20/VEZ20 after equili-
bration at the operating temperature (T = 90°C for 90 min).
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Circuit elements of the battery Li /EN20-20/VE20, as obtained from an impedance fit software

Polymer electrolyte Lithium—polymer electrolyte interface Composite cathode—polymer electrolyte interface  Composite cathode
Rions Q/cm? Rgn, Q/cm? Cony nF/cm? Reat» Q/cm? Qcarr #F/cm? (n) W, Q708
60.4 17.7 0.18 167.3 18.4 (0.63) 5.6 X 1072

that amplifies the extent of the decomposition current at
low voltage. In fact, a 0.1 mm thick composite Ketjen
Black carbon electrode with a geometric area of 1 cm?
corresponds to an approximate carbon—polymer electrolyte
interfacial area of 0.6 m? (Ketjen Black surface area is
1250 m?/g), i.e., 6000 times the geometric area. A further
indication that the anodic stability of the polymer elec-
trolyte is strongly related to the surface area of the carbon
in the composite cathode has been found by using a lower
surface area carbon (Super P: 59 m?/g). Curve B in Fig. 8
shows the anodic sweep behavior of the EN20-20 elec-
trolyte in contact with a Super P carbon composite elec-
trode. The comparison of curves A and B shows that the
anodic stability of EN20-20 increased by about 400 mV
with carbon Super P. Unfortunately, it was not possible to
compare ‘chemically similar’ carbons with different sur-
face areas, so that a specific catalytic activity exerted by
the different carbon samples on the anodic decomposition
of the polymer electrolyte cannot be excluded.

The anodic decomposition process appeared to depend
somewhat on the anion of the lithium salt of the polymer
electrolyte. In fact, the substitution of the CF;SO; with
CIO, resulted in a small change of the anodic stability
limit, as showed by curve C in Fig. 8.

Summarizing, the anodic stability of the EN20-20 elec-
trolyte in contact with Super P carbon additive in the
composite cathode (~ 4.1 V vs. Li) is high enough to
allow its use in combination with a so-caled ‘3 V' ca-
thodic materials but it is too low for the high voltage
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Fig. 10. Voltage vs. capacity behavior during galvanostatic discharge of
the batteries Li /EN20-20/VE20. Charge current: 0.03 mA /cm?. Dis-
charge currents: (@) —0.03, (b) —0.06, (¢c) —0.09, (d) —0.12, (¢) —0.15,
and (f) —0.17 mA /cm?. T = 90°C.

cathodic materials like LiCoO,. Among the low voltage
cathodes available, V,O xerogel was selected because of
its very high intercalation capacity [8,9] (> 420 mA h/g).
Although the average voltage of such a cathode upon
discharge is only 2.5 V (from 3.8 to 1.5 V), the delivered
capacity at high rate is well above 200 mA h/g with a
resulting high specific energy [9] (> 500 W h/kg).

V,0; XRG, lithium—polymer electrolyte batteries were
formed by sandwiching one layer of polymer electrolyte
EN20-20 between one lithium electrode and one composite
electrode VE20. The battery stacks were then sealed in
commercia 2016 coin cell. The composite cathode loading
was about 0.9 mA h/cm? corresponding to the intercala-
tion of 1 equivalent of lithium per mole of V,0, XRG.

Fig. 9 shows the impedance spectra of such a battery,
after equilibration at the operating temperature (90°C) for
2 h. With the help of software [15], three main features
were fitted in the impedance spectrum (results in Table 2).
A first semicircle related to the lithium—polymer elec-
trolyte interface has an intercept at high frequency that
identifies the ionic conductivity of the polymer electrolyte.
The value of the capacitance (0.2 w.F/cm?) is typical of a
charge transfer process at the lithium—polymer electrolyte
interface [4,16,17]. The resistance associated with the
charge transfer process at the lithium—polymer electrolyte
interface was about 18 (), i.e., in afull agreement with the
value obtained for symmetric Li /EN20-20/Li cells (see
Fig. 2).

At lower frequencies, there is a second and larger
semicircle that overlaps the first. From the high value of
the capacitance (see Table 2) and the depressed shape of

dQ/dE, a.u.
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Fig. 11. Differential capacity vs. cell voltage of the Li /EN20-20/VEZ20.
Data are obtained from results shown in Fig. 10 (curve a).
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Fig. 12. Specific capacity vs. current density plot of the battery
Li /EN20-20/VEZ20. Data are obtained from results shown in Fig. 10.

the semicircle, it is possible to assign this feature to the
polymer electrolyte—cathodic materia interface within the
composite cathode. In fact, a 0.1-mm thick composite
cathode pellet has a real surface area of the electrolyte—ac-
tive cathode interface that is approximately 100 times the
geometric area. The large ratio obviously boosted the
double layer capacitance to the measured value reported in
Table 2. Furthermore, a depressed semicircle (n = 0.62)
was expected for a composite (porous) electrode [18]. The
charge transfer resistance at the polymer electrolyte—com-
posite cathode interface was 170 (2 /cm? corresponding to
17 kQ /cm? of active material surface area. This value is

81

in agreement with the value obtained for V,0; xerogel
thin films in liquid electrolyte [19]. The high interfacial
resistance could be due to a limited contact area between
the polymer electrolyte fraction and the active material
particles. In fact, it has been noted (see Section 2) that
almost 27% of the space within the composite cathode is
void.

At very low frequencies, there is a third region in which
thereis typical Warburg impedance behavior, related to the
diffusion of lithium ions within the composite cathode.

The discharge behavior of a V,0; XRG lithium poly-
mer battery is shown in Fig. 10. The battery was dis-
charged down to 1.5 V at various currents ranging from
0.03 to 0.17 mA /cm? with steps of approximately 0.03
mA /cm?. The battery was always recharged at the lower
current density (0.03 mA /cm?).

For the active material mass loading in the composite
cathodes (~ 0.9 mA h/cm?), the discharge currents se-
lected corresponded to an intercalation rate ranging from
0.033 equivalent of lithium per hour (Li /h) to 0.183 Li /h.
At the lower discharge rate a specific capacity of amost
400 mA h/g was obtained from the battery in approxi-
mately 86 h. This result is in substantial agreement with
the specific capacity of V,0; XRG in liquid electrolytes
[8,9]. The differential capacity vs. cell voltage (Fig. 11)
obtained from the lowest rate discharge of Fig. 10, closely
reproduces the typical behavior of V,0; XRG reported
elsewhere [19,20]. In Fig. 12, the specific capacity is
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Fig. 13. Specific capacity upon galvanostatic cycles of the battery Li/EN20-20/VE20. Charge current: 0.08 mA /cm?; discharge current: —0.17

mA /cm?. T = 90°C.
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reported as a function of the discharge current density
(data are extracted from Fig. 10). As expected, the capacity
delivered by the battery is seen to decrease as the dis-
charge rate increased. The plot (Fig. 12) shows the exis-
tence of two regions of correlation between the delivered
capacity and the current density. The low current region is
characterized by a relation between the delivered capacity,
called SC, and the inverse of the square root of the current
density (SC ot i~%%). In this region the delivered capacity
is probably limited by the charge transfer at the polymer
electrolyte—active material interface, as indicated by the
very high value of the charge transfer resistance detected
by impedance measurements (see comments of Fig. 9).
Alternatively, a limitation by diffusion of lithium in the
solid phase of the active material (V,05 XRG) cannot be
excluded. In the high current region, the capacity change
linearly with the inverse of the current density (SC ot i™?).
The latter relation is similar to the one seen previously for
a symmetric Li/EN20-20/Li cell athough the current
values are smaller than the measured limiting current (i, )
in the polymer electrolyte. This apparent contradiction is
simply explained considering that the bottleneck for the
lithium diffusion in the battery is no longer located in the
electrolyte region but in the composite cathode where the
presence of the other cathode components reduces the
cross-sectional area of the polymer electrolyte. If the com-
posite cathode components are uniformly distributed it is
possible to calculate the limiting current into the composite
cathode (if). This will be given by the product of the
limiting current into the polymer electrolyte (i, ) and the
volumetric fraction of the latter in the composite cathode
(see Section 2). In the specific case if is0.07 mA /cm?. In
the results reported in Fig. 12, such a limit is never
reached because of the appearance of a limitation due to
the active material. Nevertheless, at the highest rates con-
sidered in this work, the delivered capacity of the battery
was limited by the diffusion of the lithium into the poly-
mer electrolyte fraction within the composite cathode.

Fig. 13 illustrates the cycling performances of a
Li /EN20-20/VEZ20 battery. In the upper plot is shown a
generic charge/discharge cycle. The discharge takes place
in approximately 6 h and the recharge requires twice that
time. The curve shows a quite large cell polarization,
approximately 1 V, when the current is reversed. The
lower plot shows the capacity delivered by the battery in
the first 20 cycles. The initia value was 160 mA h /g that
decreased slowly upon cycling. The slow decline of capac-
ity has been seen before in V,0; XRG composite cathodes
in liquid electrolyte batteries [19,20] and the cause is not
fully clear yet. Since thin, compact films of V,O0; XRG
have shown very good cycling behavior [19,22,23], it has
been proposed that the cause of the capacity fading in the
composite pellets was the loss of contact between active
material and carbon particles upon cycling [21]. The effect
of the contact loss can be even more dramatic in the
composite cathode used in present work since the contact

between the active material and the electrolyte can aso be
lost upon cycling. Investigations on this issue are currently
going on in our laboratories.

4. Conclusions

In this report were described the fabrication and the
characterization of a lithium-metal, polymer electrolyte
battery that uses V,0O; xerogel as cathode and operates at
moderate temperature (80—100°C). The work has been
focused on the determination of important ‘application’
properties of the polymer electrolyte, i.e., the properties of
the polymer electrolyte in real systems and in true operat-
ing conditions.

First, it has been shown that processing that is charac-
teristic of manufacturing gives a polymer electrolyte with
improved performance. For example, its ionic conductivity
at 60°C is about 10~* S/cm. This value exceeds by more
than one order of magnitude the conductivity of a polymer
electrolyte with the same composition but prepared with
laboratory equipment. The improvement is due to the
optimization of the components in the mixture, in particu-
lar to the more uniform dispersion of the inert filler
(y-LiAlO,).

The polymer electrolyte showed very good performance
also in terms of stability and lithium cyclability at the
lithium—polymer electrolyte interface. Impedance measure-
ments have confirmed that there is good stability of such
an interface under rest conditions. Lithium plating—strip-
ping processes were seen to have a reversible character. As
a matter of the fact, plating—stripping efficiency as high as
98% have been measured in operating conditions, i.e.,
when current flows through the electrolyte.

It has been proposed that a new criterion is necessary to
establish the anodic stability of polymer electrolytes in
contact with the carbon additive in composite cathodes.
Depending on the carbon or the lithium salt used, anodic
stabilities around 4.0 V (vs. Li) were measured in the
present system. This value appears to allow the polymer
electrolyte studied here to be used in combination with
so-caled ‘3 V' cathodic materials.

Galvanostatic pulse measurements have shown that the
polymer electrolyte limiting current a 90°C is 0.2
mA /cm?. If the current flowing through the electrolyte is
larger than the limiting current, then the process can be
sustained only for a finite time (7) as predicted by the
Sand equation. This implies that the delivered capacity of a
battery containing a polymer electrolyte (either in the
electrolyte layer or in the composite cathode) is limited by
the time that the polymer electrolyte can sustain the cur-
rent when the current is above the limiting current. At
current densities below the limiting current, the delivered
capacity is instead limited by the composite electrode. The
design of a polymer electrolyte battery must consider these
different limitations. High rate batteries can be realized
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only by reducing the electrode thickness. The electrolyte
thickness affects only the ohmic drop and not the delivered

capacity.
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