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Summary

The cycle Iife of a rechargeable cell depends on operating conditions
such as the depth of discharge, specific voltage hmits during charge and
discharge, recharge and discharge cwrrent, and operating temperature. These
conditions can affect cycle hfe through thewr influence on degradation
mechanisms which hmit hife.

For a rechargeable L1/MoS, cell, a strong dependence of cycle life on
discharge current was found. For discharge rates ranging from 05 to 20 h,
a maximum m cycle hfe was found, for intermediate discharge rates, of
about 3 h. Three different regions of the dependence of cycle life on dis-
charge rates could be identified. Experimental evidence indicates that in
each region a different mechanism controls cycle life. At high discharge
rates, cycle life appears to be determmed by cathode degradation, while
at intermediate and low discharge rates, cycle hfe 1s determwned by elec-
trolyte degradation, leading, respectively, to cathode or anode failure.,

Introduction and review of earlier work

Lithium rechargeable cells using molybdenum disulfide cathodes [1]
have been manufactured by Moli Energy Limited in Vancouver, Canada, and
marketed under the name MOLICEL™*.

The operation of the cell 15 based on the reversible reaction

xL1 + MoS,; == L1, MoS, (1)
In egn. (1), x represents the mole fraction of lithium 1ons mtercalated n
MOSQ.

During discharge, the hthium anode dissolves and hthium 1ons are
transported through the organic electrolyte to the cathode, where they
intercalate mmto the MoS, host. An electrochemically modified form of
MoS, 1s used as cathode active material. This form has a different crystal

*MOLI and MOLICEL are registered trademarks of Mol Energy Limited
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structure from the naturally occurring MoS, and allows reversible mter-
calation of iithium 1ons over the range 0 <x < 1 [2]

The potential of the Li,MoS, cathode of the modified form versus a
Iithhum metal anode varies with the amount of hthizm miercalated. At x close
to 0, the potential 1s about 2 8 V, and at x = 1.0 the potential 15 lowered to
1.1 V In order to maxumize cycle hfe and deliverable capacity, 1t 1s generally
not recommended to charge and discharge the cell outside the 2.4 -13V
range This choice 1s based on the limited stabihties of the electrochemically
modified or high capacity form of MoS, at high cathode potentials [3]
{(where 1t undergoes a transition to a lower capacity form which 1s struc-
turally very similar to the naturally occurring MoS,) and of the electrolyte
at low cathode potentials [4]

The hmited stabilities of the active components lead to a gradual
declime 1n dehverable capacity, when the cell 15 subjected to consecutive
charge and discharge cycles.

Figure 1 shows an example of such a capacity decline for a cell which
1s discharged at 180 mA and charged at 60 mA between 24 and 1 3 V. The
curve shows a typical S-shape [5], with regions of high capacity fade at both
the early and final stages of cycling. As will be discussed in more detail
below, 1t can be shown that the region of early capacity fade 1s associated
with changes occurring 1n the cathode, while the region of final capacity
fade 1s associated, 1n this particular case, with electrolyte depletion,

The early capacity fade 15 affected by the cathode stability in the
following way. the stabiity of the modified MoS, decreases as its potental
rises above 2 0V, This causes the formation of the low capacity form as
the cathode 15 charged slowly above 2.0 V., Some of the high capacity form
can be re-formed at low cathode potentials during the discharge at low to
mtermediate rates The net result, however, 1s a loss 1n dehiverable capacity
as the cell 1s repeatedly charged above 2.0 V

To 1illustrate the effect of a charging voltage above 2 0 V, the capacity
fade curves of cells repeatedly charged at 60 mA to 2.0, 22,and 2 4 V and
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Fig 1 Cycle life curve for a cell cycled between 2 4 and 1 3 V at a discharge current of
180 mA and a recharge current of 60 mA
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Fig 2 Capacity fade curves for cells repeatedly charged 2t 60 mA t020,22,and 24V
Cells are discharged to 1 1 V at 120 mA

CAPACITY {Ampere—hours)

discharged at 120 mA to 11V are shown i Fig. 2. Figures 1 and 2 also
show that the rate of capacity loss for a cell cycled to 2.4 V reduces even-
tually (after about 10 cycles) to nearly zero. X-ray diffraction studies have
shown that this 15 the result of stabilization of the high capacity form of
MoS, due to mprovement in 1ts crystallmty [6]. The crystallimty will
mprove with the number of times the cell 15 cycled 1n both directions
through the phase transition. The ratio of the amount of high to low capac-
ity form present in the stabilized matemnal depends both on the voltage
range and the currents used during cycling of the cell, This ratio s pushed
towards the low capacity form when, during cyching, the average cell voltage
1s high and/or the ratio of discharge to recharge rate 1s high.

The final capacity fade is associated with the hmuted stability of the
electrolyte in contact with the electrodes. Both the salt and the solvent
component of the electrolyte will gradually decompose. The solvent break-
down leads to the formation of gaseous products (ethene and propene) as
well as a solid product (hthium carbonate) [7]. The breakdown of the
salt 1s less understood. However, 1t 18 believed that 1t leads mostly to film
formation on the electrodes [8] The decomposition at the electrodes
can ewther occur via an electrochemical or voltage dependent reaction,
or via a chemical or voltage independent reaction. Because of the voltage
dependency, the electrochemical reaction takes place only at the cathode/
electrolyte interface, while the chemical reaction can occur at both elec-
trode/electrolyte interfaces.

The decomposition leads to electrolyte depletion and therefore to a
gradual increase mn cell impedance. In addition to the depletion, the elec-
trolyte decomposition also results 1n the accumulation of sohd breakdown
products within the cathode pores and/or the separator pores as well as on
the anode surface. The accumulation of these products leads to a further
increase 1n cell impedance. However, this process can give rise to a much
more dramatic loss 1n deliverable capacity towards the end of cell hfe. A
model to explain the high rate of capacity loss towards the end of cell hife
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based on percolation theory has been proposed by Dahn et al [9]. In thus
model the cathode powder 1s represented by a network of individual par-
ticles connected by electrolyte-filled channels The 1onic conductivities of
these channels are modelled as resistors As the electrolyte degradation
proceeds, resistors are removed from the network leading to an accelerated
ncrease i impedance and dechine of deliverable capacity

It was found 1n earlier work [10] that, for shallow cycling, cells achieve
a maximum in cycle hife when they are cycled around the mid-state of
charge. In this case it was also found that the integrated capacity delivered
over the full Iife of the cell increases as the depth of discharge decreases
Cycle hife and integrated capacity for 100%, 60% and 30% D O D. are given
n Table 1

TABLE 1

Cycle hife and integrated capacity for various depths of discharge

Voltage range Capacity at cycle 10 DOCD Cycle hfe Integrated capacity

V) (Ah) (%) (Ah)
24-13 058 100 650 300
20-15 036 60 1400 400
195-172 019 30 3000 500

Cyecle hife defined at 50% of 10th cycle capacity remaimng
Cells were discharged at 180 mA and charged at 60 mA

Expermental

Cycle Life tests were undertaken on “AA" size Li/MoS, cells. These
cells have a nominal capacity of 0.6 A h The cells are constructed with an
electrode stack consisting of a lithium anode, sandwiched between two
cathodes, which 1s spirally wound around a central mandrel [11]. An elec-
trolyte-filled porous polypropylene sheet acts as a separator and 1s placed
between the electrodes. The area of the electrodes 1s about 250 em? and the
active mass of MoS, 158 about 8.0 g. The cell contains an excess of lithium
(2.5 mole of L1 per mole of MoS,) and therefore the cell capacity 15 cathode
hmited. The electrolyte used m the cells 13 a 1 0 M solution of LiAsF; in
a mixture of 50/50 percent by volume of propylene carbonate and ethylene
carbonate.

The cell voltage provides a state of charge indication due to the chemm-
cal potential change of L1, MoS, with x [12]. The voltage hmits can there-
fore be used to define the degree of charge and depth of discharge.

Cells were charged and discharged between fixed voltage Limits using
constant current. The microprocessor-controlled cychng equipment was
developed by Moli Energy Limited. The cwrrents are set through hardware
changes, while the voltage limits are set through software The current range
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of the equipment 18 1 mA -1 A, with an accuracy of 1% of the set value;
the voltage range 1s 0 -9 V with a resolution of 5 mV. The voltage—time
data are recorded when the voltage change exceeds 50 mV or the time
change exceeds 1 h. Data are recorded and evaluated with the help of a
9000 HP minicomputer All cells were cycled at a temperature of 21 + 2 °C.

Results

Cycle Iife 1s often defined at the point where the battery has 50% or
80% of its miial capacity remaining For the MOLICEL battery, cycle hfe
15 defined at the pomt where the battery has 50% or 80% of its 10th cycle
capacity remaining. The reason for this cholce 1s associated with the charac-
teristics of the cathode, as explamned earlier. Defimitions of cycle life with
50%, as well as with 80% of the 10th cycle capacity remaimng at the end of
life, are both beimng used here. This 1s done to distinguish between cells that
lose deliverable capacity slowly towards the end of hife and cells that fail
with a rapid loss of capacity.

The useful life of the cell can also be expressed i terms of the inte-
grated capacity delivered over the life of the cell, rather than the total
number of discharges. The use of integrated capacity has the advantage that
1t takes mnto account the change 1in capacity dehivered by the cell 1n a single
discharge, where the depth of discharge varies either as a result of the condi-
tions of use or as a result of changes to cell performance with increasing
cycle number

“AA” s1ze L1/MoS; cells were discharged at currents varying over nearly
two orders of magmtude (30 mA -1 A) while being charged at the standard
current of 60 mA, The useful hfe of the battery was determined both m
terms of cycle Iife and integrated capacity. The results are presented mn
Figs. 3 and 4, showing cycle hife and integrated capacity, respectively, as a
function of discharge current.

Both Figures show two charactenstic features

(1) three distinct regions which can be associated with different mecha-
nisms controlling the end of life of the battery,

(11) a maximum 1n useful hife of the battery at a discharge current of
around 200 mA,

Discussion

High discharge rates

In the region of high discharge rates of three hours or less, the kinetic
stabihty of the electrochemically modified high capacity form of MoS,
plays an important role, As the discharge rate 1s increased for a cell charged
to 2.4 V, two changes occur 1n the capacity fade curve. These changes are an
merease 1n the rate of capacity fade during the early cycles and the absence
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of a drastic reduction m this rate of fade after about ten cycles, see Fig. 5.
As was mentioned 1 the Introduction, the ratio of low to hmgh capacity
form increases with increasing discharge current This 1s associated with the
slow kmetics of the phase transitions, which causes a buld-up of the low
capacity form during the slow recharge, with no depletion of this form
taking place during the fast discharge and, 1n addition, no stabilization of the
high capacity form.

The capacity loss occurring at high rate discharges 1s not wrreversible
The capacity can be regamed through a low rate discharge. Figure 6 shows
that the extra capacity at cycle #137, as the result of a discharge at 120 mA,
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Fig 5 Capacity fade curve for a cell repeatedly discharged at 1 0 A from 24 to 11V,
charge current 158 60 mA

3rd discharge at 120 mA
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Fig 6 Voliage curves of cells discharged at 120 mA to 11 V One cell was previously
discharged 136 times at 1 0 A to 11 V, and the other cell three times at 120 mA to
11V

1s delivered at a cathode potential where the low to high capacity phase
conversion occurs [3].

It should be emphasized that the high rate of capacity fade for high
rate discharges can be drastically reduced by restricting the charging voltage
to 2.2 V. In other words, deliverable capacity can be traded for discharge
rate capability.

Intermediate discharge rates

At discharge rates ranging from more than three hours to less than ten
hours, cycle life 1s no longer determined by the stability of the cathode but,
mstead, by the stability of the electrolyte m contact with the electrodes. In
this region of mtermediate discharge currents cycle life becomes shorter as
the discharge current decreases. This 15 predominantly thought to be a time
effect, 1 e, at low discharge currents cells are being discharged for a longer
period of time, resulting m more electrolyte decomposition per discharge
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and therefore a decrease 1n the number of discharge cycles This explanation
assumes that a significant portion of the electrolyte decomposition occurs
during discharge of the cell,

It should be noted here that the rate of electrolyte breakdown on
open circult stand 1s very small. Evidence for this comes from the fact that
cyching tests with a 5 h open circuit stand nserted after each discharge, do
not show a degradation in cycle ife Furthermore, the cells have a good
shelf life which far exceeds the length of the cycle hfe tests reported here.
This difference 1n the rate of breakdown 15 most likely due to the formation
of passivation layers on the electrodes

Measurements of charge imbalance [9] and gas evolution [13] have
shown an mcrease in the rate of electrolyte breakdown with decreasing cell
voltage In order to see whether the effect of discharge rate on cycle life 1s
enhanced by discharging the cell below 1 3 V, parallel tests were conducted
In these tests, cells were discharged at different rates between 24and 13V
and 2 4 and 11 V, respectively The results presented in Fig 7 show that
lowering the discharge cut-off voltage from 1 3V to 11 V does decrease
the cycle ife more than would be expected from the mncrease in depth of
discharge.

Low discharge rates

At very low discharge rates of ten howrs or more, cycle life 1s still
controlled by the stability of the electrolyte. In this region electrolyte
decomposition leads eventually to a low impedance failure (or short forma-
tion) during charge and not a high impedance failure, as i1s the case for
the higher discharge currents. This failure 1s most likely due to the non-
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unmiformity of the charge current density 1 e, local areas of high current
caused by the deposition of electrolyte breakdown products. It 1s known,
in general, that high charge currents lead to the formation of hithwum
dendrites which, i this case, form locally in regions of high charge current
densities. These dendrites lead to shorts before the cathode becomes com-
pletely mactivated as a result of the accumulation of sohd breakdown
products. The assumed role of poor hthium morphology 1n the cell failure
at very low rate discharges 1s supported by the fact that the formation of
shorts can be avoided when the charge rate 15 lowered from 60 mA to
30 mA. As 1s shown m Fig. 8, the incidence rate of shorts 1s increased by
increasing the charge current density.

All cycle hfe data shown mm Fig 8 (for a fixed discharge current of
120 mA) are for cells which failed due to the formation of shorts. The
frequency of short formation decreases with decreasing charge current At
a recharge current of 120 mA nearly 100% of the cells fal due to short
formation, while at 60 mA, 50% fail due to short formation and 50% due to
an mcrease m cell impedance (at about the same cycle number).

It should be emphasized that the problem of low cycle life at very low
discharge rates can be avoided by reducing the charge rate simultaneously,
As was stated earlier, 1 the latter case the cell fails via a gradual loss 1n
dehiverable capacity, due to an increase in cell impedance, at a much higher
cycle number. An example of this i1s given with two tests in which cells are
cycled between 2.4 and 1.3 V at a 60 mA discharge current, but with two
different charge currents. The cell charged at 60 mA failed after 130 cycles
due to short formation, while the cell charged at 30 mA failed with a high
impedance after 280 cycles.
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Fig 8 Cycle life as a function of recharge current at a fixed discharge current Cells are

cycled between 2 4 and 1 1 V, with a discharge cwrent of 120 mA Cycle life defined as
the number of cycles achieved before a short occurs
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In this region of very low discharge currents, cycle Iife limited by short
formation 1s not much affected by the magnitude of the discharge current.
This could be understood if it 18 assumed that for very low discharge currents
the electrodes remain more or less undisturbed (:e, passivated) during
discharge

Pulsed current discharges

For many practical applications, discharges are done 1n a pulsed mode,
alternating high current pulses with low cuwrrent standby periods. Examples
of such applications are two-way radios, cellular phones, data transmitters.
In this case cycle Iife predictions cannot be based on the response of the
battery to the mimmimum or maximum discharge current, or to ther average
In general, the cycle life 1s significantly longer. Two examples given here
are two-way radio and cellular phone applications

In the two-way radio test the battery (six cells series-connected) was
discharged between voltage limits corresponding to 2 3 and 1 1 V/cell with
currents of 1050 mA for 5s, 140 mA for 5s and 35 mA for 90s. The
battery delivered 052 A h at the 10th cycle, with a cycle hfe of about
500 and an mtegrated capacity of 215 A h (to 50% of the 10th cycle
capacity)

In the cellular phone test, the battery (5 cells series-connected) was
discharged between voltage imits corresponding to 2.4 and 1.2 V/cell, with
currents of 700 mA for 3 min and 50 mA for 27 min, The battery delivered
0 56 A h at the 10th cycle with a cycle life of about 400 and an integrated
capacity of 185 A h (to 50% of the 10th cycle capacity).

Conclusion

Most manufacturers of rechargeable batteries quote cycle hfe as a
single-valued number This 1s an over-simphification since the cycle Lfe
performance depends greatly on a large number of operating conditions.
This 18 shown to be true, n particular, for the discharge rate of a recharge-
able lithium battery

At very high discharge rates, the deliverable capacity shows a con-
tinuous dechne 1n capacity, as a function of cycle number, as a result of the
accumulation of the low capacity or naturally-occurring form of MoS,
The rate of this accumulation, i e, cathode degradation, increases with
mcreasing rate of discharge, and therefore cycle hife decreases as the dis-
charge rate increases The rate of capacity loss, however, can be significantly
reduced by restricting the charging voltage to 2 2V

At mtermediate discharge rates, decomposition of the electrolyte 1s
the main degradation process, with the loss of electrolyte and the deposition
of solid decomposition products on the electrodes and in the separator
pores leading to eventual cell fallure Even when the rate of electrolyte
breakdown 1s mdependent of discharge current, the total amount of elec-
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trolyte decomposition per discharge will mcrease with lower discharge
current because of longer discharge times. Therefore n this region of dis-
charge currents, cycle life decreases as the discharge current decreases

At very low discharge rates, decomposition of the electrolyte 1s still
the mamn degradation process. However, rapid increase m current non-
uniformity, giving rise to hithum dendrntes on charge, leads to cell failure
n advance of that due to the accumulation of breakdown products in the
cathode. This low impedance failure can be avoided by reducing the charge
current With the standard charge current of 60 mA, there 1s no observable
effect of discharge current on cycle life 1n this region.

For discharges mvolving mixed currents, typical for many practical
apphications, the behaviour of the cell 15 not dictated by the maximum,
mimmmum or average discharge current. Cycle Iife 15 generally significantly
longer than would be predicted from these currents,

In none of these proposals does the lithwum anode by 1itself hmit the
cycle life of the Li/MoS; cells This 1s consistent with the observation that
all cells disassembled after cycling contained malleable anodes, showing
electrochemically active hithium.
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List of symbols

D.OD. Depth of discharge
R Discharge rate
Cin Value of discharge rate corresponding to a full discharge in n hours
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