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Abstract

It has been demonstrated that LiCoQ, is a very attractive cathode active material for lithium rechargeable cells. Poly (acrylonitrile) (PAN)-
based polymer electrolyte is used for Li/LiCoO, cells. PAN-based polymer electrolyte shows ionic conductivity of the order 1 mS cm™' at

and wide

room temperature, irrespective of time
hod ining 4 wt.% conductive material disp

1 stability up to 4.3 V (versus Li* /Li). An LiCoO, composite

ys a good cycling performance. From a.c. impedance results, the interfacial resistance

of Li/LiCoO; cells is dominated by the passive layer formed at the lithium/polymer electrolyte interface.
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1. Introduction

A flat-type lithium rechargeable battery using a polymer
electrolyte and LiCoO, to intercalate lithium ions is a prom-
ising candidate battery for electric vehicles and portable elec-
tronic equipment. The primary advantages of this cell are a
high voltage (4 V), a theoretical energy density of 1103
Wh1~!, and a specific energy of 1070 Whkg = [ 1,2]. Other
ad ges over conventional liquid-based batteries include:
safety, light weight, flexible design, and relatively low cost.

One of the problems with these cells is a progressive capac-
ity decline upon cycling. Although various authors have
investigated this unfavourable effect with different cathode
material systems {341, there is not clear explanation since,
theoretically, the i I compounds support a very
reversible process. Hooper et al [5] have reported that the
decline in capacity with cycling of Li/ V03 cells is associ-
ated with morphological changes in the composite cathode,
rather than reduction of the extent of the intercalation process.

Therefore, in order to obtain stable capacity on cycling, it
is necessary to improve the stability of the composite cathode
materials at the operating voltage. It has been previously
reported that the role of conductive material in the composite
cathode material should be emph h

d in order to achieve a
high reversible capacity. This effect may be related to the
limited number of available electron sites due to the low
electronic conductivity of the active material [6,7].
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In recent years, considerable effort has been devoted to the
synthesis and characterization of polymer electrolytes and
their application in the develog of advanced lithium pol-
ymer batteries. To be p 1, the poly lyte must
have a conductivity of 1 X 10738 cm' ! at room temperature.
This performance is very unlikely with conventional polymer
electrolytes such as poly(ethylene oxide) and related com-
pounds. Among the most promising of the new types of
polymer electrolyte is the gel-type, e.g. a poly(vinylidene
fluoride) and poly (acrylonitrile) matrix that contains lithium
salts in organic solvents such as ethylene carbonate (EC),
propylene carbonate (PC), y-butyrolactone. These gel elec-
trolytes were originally described by Feuillade and Perche
[8] and were further characterized by Watanabe et al. [9].
The latter reported that the ionic conductivity of the hybrid
film does not correlate with the content of LiClO, in the PAN,
but with the mole ratio EC:LiClO, in the films. When the
ratio is about 2, the conductivity attains 10™*-10"°Scm ™!
at room temperature. Abraham and Alamgir [ 10] reported
that the ionic conductivity can be ashighas 1 X 10~ *Scm ™!
at room temperature when the ratio is increased. In addition
to high ionic conductivity, the polymer electrolyte must have

a wide electrochemical stability window since the electrode
potential of LiCoO, becomes higher than 4 V (versus Li*/
Li).

This work ch izes the el hemical properties of

the polymer electrolyte and examines the effect of conductive
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material in the composite cathode on the cycling performance
of a lithium polymer battery. '

2. Experimental

The composite cathodes consisted of LiCoO, as an active
material (Cyprus Foote Mineral, CFM), Ketjen black (Mit-
subishi Chemical Co.) as a conductor, and polymer electro-
lyte as a binder. Cathode films were prepared by casting the
appropriate ethyl alcohol slurry on an aluminum foil (thick-
ness 18 um) current-collector.

One composite cathode had a composition of 40 wt.%
LiCoO, active material, 4 wt.% Ketjen black and 56 wt.%
polymer electrolyte. The other cathode had a composition of
42 wt.% LiCoO,, 2 wt.% Ketjen black and 56 wt.% polymer
electrolyte. Both electrodes had a surface area of 2 cm?
(diameter 1.6 cm) and contained 3 mg cm ™2 of LiCoO,
active material.

The polymer electrolyte consisted of a PAN matrix, an
LiPFg lithium salt, and an EC and PC mixture. The PAN
powder and lithium salt were first dissolved in the solvent
mixture of EC and PC at elevated temperature. The electrolyte
film was prepared by casting the viscous polymer solution
with a doctor blade on a stainless-steel plate.

Lithium polymer cells using a lithium foil anode (CFM)
with a thickness of 125 um were constructed and sealed in a
dry argon box. A schematic of the prototype lithium polymer
cell is shown in Fig. 1; its actual form is shown in Fig, 2.

Impedance measurements were performed over the fre-
quency range 65 kHz to 0.1 Hz by a Solartron 1260 frequency
response analyser in combination with a 1286 electrochemi-
cal interface and an IBM computer.

The electrochemical stability window of the polymer elec-
trolyte was investigated by cyclic voltammetry using a 173
PAR potentiostat/galvanostat and a 175 universal program-
mer. This measurement was carried out on a stainless-steel
working electrode with lithium electrodes as the counter and
reference electrodes.

composite cathode

copper current
colleclor
polymer
electrolyte

aluminum current
collector

lithium anode

16 cm

e B

Fig. 1. Schematic diagram of the structure of a prototype lithium polymer
cell.

Fig. 2. Sealed lithium polymer cell.

The cycle test was conducted in the voltage range 3.0-4.3
V by g~lvanostatically controlled equipment.

3. Results and discussion

‘The impedance specira of an Li/PE/Li cell at various times
under open-circuit potential (OCP) conditions at room tem-
perature are given in Fig. 3. Itis well known that the resistance
of the cell is composed of the bulk resistance, Ry, of the
polymer electrolyte and the interfacial resistance, R;, which
reflects the interfacial situation between the electrode and the
electrolyte [11]. At high frequency, the line i pts the
real part (Z') and this point corresponds to the bulk resistance
of the polymer electrolyte. This allows calculation of the ionic
conductivity of the polymer electrolyte with a cell constant
value of 0.005 cm ™!, The electrolyte maintained a conduc-
tivity of the order 1X10™* S cm ™" at room temperature,
irrespective of time. This means that the encapsulated liquid
electrolyte in the polymer chains has not lost its electrochem-
ical properties because of the non-volatile nature of the
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Fig. 3. A.c. impedance spectrum of an Li/PE/Li cell with time at room
temperature.



H.S. Kim et al. / Journal of Power Sources 62 (1996) 21-26 23

organic solvent and exhibits good compatibility with the lith-
ium electrode.

The value of R; increased quickly for the first three days
and stabilized at a value of 240 £2 cm? after two weeks. This
phenomenon can be attributed to the formation of a passive
layer due to the reactivity of the electrode and the electrolyte.

The interfacial capacitance, C,, is easily calculated from
Eq. (1). The value is independent of time and reaches value
of about 1 uF cm™2

1
G “Ro )
where @y, is the maximum angular frequency of the semi-
circle; the magnitudes of the resistor and capacitor are equal.
The apparent thickness of the passive layer can be calcu-
lated according to the following equation [12]:

A
L= C3.6 % 10'2 @

where L is the thickness of the passive layer, A the electrode
area, and € the dielectric constant of the passive layer. From
Eq. (2), if the value of the dielectric constant is assumed to
be 5, the thickness of the passive layer on the lithium electrode
is about 45 A. It has been reported that the thickness of the
passive layer on freshly immersed lithi gnesium and

On the reverse scan, stripping of lithium is observed at
around 0.28 V. This plating-stripping process is reversible,
the kinetics are fast but the reversibility tends to decrease with
cycling. As can be seen in Fig. 4, there are no more oxidation
peaks upto4.3 V (versus Li* /Li). The electrolyte oxidation
current increases after the first cycle and stabilizes at lower
values after ten cycles. This phenomenon may result from the
formation of a passivating layer on the stainless-steel elec-
trode. Thus, the PAN-based polymer electrolyte in this work
has displayed sufficient electrochemical stability toallow safe
operation in rechargeable lithium battery systems.

Generally, the oxidative stability of organic esters (such
as EC and PC) is higher than that of ethers. Croce et al. [15]
reported that the addition of PAN appears to influence the
oxidation potential and the PAN-LiClO,-based electrolyte
has higher electrochemical stability than any of the other
PAN-lithium salt based electrolytes. This has also been
observed in our laboratories [ 16].

It is considered that the number of free lithium ions encap-
sulated in the polymer chain influences the interaction
between the polymer and the lithium salts. Recent IR meas-
urements also imply some interaction between lithium ions
and the polar portion of the PAN chain which corresponds to
C=N stretch modes [17]. Since the LiClO, lithium salt has
a higher lattice energy than any of the other lithium salts, the

calcium electrodes in non-aqueous electrolytes is typically in
the range of 25 to 100 A[13].

The cyclic voltammogram for the Li/PE/SS cell at room
temperature is given in Fig. 4. The sweep rate is S mVs~'.
The first cathodic peak current is observed at around 1.5 V,
which corresponds to the decomposition of moisture in the
electrolyte. Prior to plating lithium on the staink teel elec-
trode at —0.18 V, the reduction charge is about 30 mC cm ~2.
According to Meitav and Peled[14], plating of lithium on
such an electrode takes place only after prior formation of a
solid electrolyte interphase on the electrode by the passage
of at least 20 mC cm~2in | M LiAICL,~SOCI, solution. This
value is in good ag with those calculated in the system
studied here.
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Fig. 4. Cyclic voltammogram for an Li/PE/SS cell; electrode area: 2cm ™2,

and sweep rate: SmVs™'.

between the polymer and the lithium salt is rela-
tively small; this effect infl the el h I stabil-
ity window. On the other hand, its explosive property in the
presence of organi. solvent, especially when the solvents are
in alow concentration, introduces a serious hazard during the
construction and use of cells based on this electrolyte.
Although LiPFj has the lowest thermal stability of all lithium
salts and greater sensitivity to moisture, the electrochemical
oxidative stability is adequate and there is less corrosion with
an aluminum current-collector. Tarascon and Guyomard
[18] have recently reported that LiPF in a mixture of EC
and PC is electrochemically stable in the presence LiMn,O,
to well beyond 5.1 V (versus Li* /Li).

The cycling performance of two different composite cath-
ode formulations with 4 or 2 wt.% of Ketjen black, is shown
in Fig. 5.

The overall reaction of LiCoQ, is given by Eq. (3) and
the calculated capacity is 125 mAk g~*

Lig5sC00, +0.45Li* +0.45¢~ «» LiCoO,
125mAhg ™! 3)

The corresponding specific capacities are close to the cal-
culated capacity value, as shown in Fig. 5. When more than
0.45 of lithium is extracted from these compounds, Co®* is
easily oxidized to Co** and this destroys the crystallinity of
the cathode and, hence, decreases the reversibility of the cell
[ 19]. Therefore, the depth-of-discharge is limited toless than
125 mAh per g of LiCoO, to sustain the cycling performance.

Cell A and cell B, which contain 4 and 2 wt.% of conduc-
tive material, respectively, display different performance, as
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Fig. 5. Cycling performance of Li/PE/LiCoO, cells with conductive mate-
rial contents at C/8 rate.

shown in Fig. 5. During the initial ten cycles, the specific
capacities are similar to each other, but the capacity of cell B
then tends to decrease rapidly with further cycling. Excellent
material utilization is achieved in cell A. Saidi and Barker
[6] have reported that composite cathodes based on V40,;
with a suitable amount of conductive carbon (10 wt.% Shi-
winigan black) deliver excellent discharge capacities at low
discharge rates, whereas the utilization of a composite V40,3
cathode with no conductive carbon displays a significantly
lower discharge capacity due to electrode polarizationeffects.
This is consistent with the poor intrinsic electronic conduc-
tivity of the composite LiCoO, cathode.

The voltage profiles of cell A and cell B at the 20th cycle
are given in Fig. 6. Clearly, the voltage of cell B is higher
than that of cell A. This effect is associated with the progres-
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Fig. 6. Voltage profiles of an Li/PE/LiCoO; cell with conductive material
contents at C/8 rate.

sive decline in capacity due to the efectrical isolation of some
active material within the composite cathode. The cycling
performance of cell A at a different cycling rates is presented
in Fig. 7. Upon cycling, the discharge capacity is constant at
the C/8 and C/4 rates. Atthe C/2 rate, however, the capacity
is slightly less than that at a low rate; it declines rapidly after
50 cycles. It is concluded that the reduced capacity at high
rates is due to the low value of the chemical diffusion coef-
ficient of lithium ions in the lattice of LiCoO,. This value has
been measured by various authors who have employed dif-
ferent measuring techniques. Mizushima et al. [20] reported
avalue of 5X 102 cm?s ™! using a transient technique, while
Thomas et al. {21] obtained a value of 5X 10™% cm?s ™! by
impedance spectroscopy.

Typical voltage profiles for cell A at different cycling rates
are given in Fig. 8. These profiles are similar to the profiles
of lithium/liquid electrolyte/LiCoO, cells. This means that
the magnitude of polarization and capacity during both charge
and discharge of the polymer electrolyte system are the same
as those of other liquid electrolyte systems. Also, the pattern
of the voltage profiles does not change after prolonged
cycling. The mean operating voltage is about 3.90 V at both
the C/8 and C/4 rates, and about 3.85 V at the C/2 rate.

The impedance spectrum of cell A before and after one
cycle is shown in Fig. 9. The spectrum consists of two
semicircles. The larger icircle, in the middle-freq Y
region, is attributed to the interfacial resistance at the lithium
anode. The impedance spectrum of an Li/PE/Li cell exhibits
a similar pattern, as shown in Fig. 10. On the other hand, the
smaller semicircle in the high-frequency range corresponds
to the impedance of a surface layer formed on the cathode
surface. Goodenough et al. [22] have reported that this sur-
face layer consists of a 30 A thick amorphous layer that
surrounds the LiCoO, particles in 1 M LiBF,/PC solution
and is independent of the applied voltage. Therefore, it can
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Fig. 7. Cycling performance of an Li/PE/LiCoO; cell A at different cycling
rates.
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Fig. 8. Voltage profiles of an Li/PE/LiCoO, cell A at different cycling rates.
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Fig. 9. A.c. impedance spectrum of the Li/PE/LiCoO, cell A.

be associated with bulk ionic conduction. At low freq Y.
the behaviour is associated with that of a rough blocking
LiCo0; electrode. Hardy and Shriver [23] observed similar
low-frequency  behaviour in  poly(diallyldimethyl-
ammonium). Nagasubramanian and De Stefano [24]
accounted for this non-ideal spur by invoking the constant
phase element impedance.

The impedance spectrum of cell A after 70 cycles is shown
inFig. 11. The semicircle assigned to the lithium anode inter-
face becomes larger with further cycling. Therefore, it is
concluded that the interfacial resistance of the cell is domi-
nated by a passive layer formed at the lithium/polymer elec-
trolyte interface. The progressive decline in capacity can be
explained by electrical isolation of the availatlc LiCoO,
particles.
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Fig. 10. A.c. impedance spectrum of an Li/PE/Li cell.
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Fig. 11. A.c. impedance spectrum of the Li/PE/LiCoO, cell A after pro-
longed cycling.

4. Conclusions

PAN-based polymer el lyte displays electroch
properties that are sufficient to allow operation in an Li/
LiCoO, cell.

An LiCoO, composite cathode containing 4 wt.% conduc-
tive material (Ketjen black) has high material utilization and
good cycling performance. A cell containing 2 wt.% conduc-
tive material is found to have relatively low cycle life and
capacity due to electrical isolation of the available active
material.

The interfacial resistance of the Li/LiCoO, cell with
cycling is dominated mainly by the passive lz_ .r formed at
the lithium/polymer electrolyte interface.
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