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Summary 

The cycle hfe of a rechargeable cell depends on operating condit ions 
such as the depth of  discharge, specifm voltage hmlts dunng charge and 
discharge, recharge and discharge current, and operating temperature.  These 
condltmns can affect cycle life through thetr influence on degradatmn 
mechamsms whmh hmlt hfe. 

For a rechargeable L1/MoS2 cell, a strong dependence of  cycle hfe on 
dmcharge current was found.  For  dmcharge raSes ranging from 0 5 to 20 h, 
a maxLmum m cycle hfe was found,  for lntermedmte discharge rates, of  
about  3 h. Three different regions of  the dependence of  cycle hfe on din- 
charge rates could be ldentifmd. Experimental ewdence mdmates that  in 
each regmn a different mechanism controls cycle life. At high discharge 
rates, cycle hfe appears to be determined by cathode degradatmn, while 
at mtermedmte and low discharge rates, cycle hfe is de termmed by elec- 
t rolyte  degradatmn, leachng, respectively, to cathode or anode failure. 

Introduct ion and review of earher work 

Llthmm rechargeable cells usmg molybdenum disulfide cathodes [1] 
have been manufactured by  Moh Energy Lnmted m Vancouver, Canada, and 
marketed under the name MOLICEL*. 

The operation of the cell is based on the revermble reaction 

xL1 + MoS 2 <---7 LlxMoS 2 (1) 

In eqn. (1), x represents the mole fraction of  lithium ions intercalated m 
MoS 2. 

Dunng dmcharge, the hthlum anode dmsolves and hthlum Ions are 
transported through the organm electrolyte to the cathode, where they 
intercalate mto the MoS2 host. An electrochemmally modifmd form of 
MoS2 m used as cathode actlve material. Thls form has a different crystal 

*MOLI and MOLICEL are registered trademarks of Mob Energy Limited 
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structure from the naturally occurring MoS2 and allows revermble inter- 
calation of h thmm ions over the range 0 < x ~< 1 [2] 

The potential of the LlxMoS2 cathode of the modffmd form v e r s u s  a 

hthmm metal anode vanes with the amount  of h thmm mtercalated. At x close 
to 0, the potential  is about  2 8 V, and at x = 1.0 the potenhal  is lowered to 
1.1 V In order to  maximize cycle hfe and dehverable capamty, it is generally 
not  recommended to charge and discharge the cell outrode the 2.4 - 1 3 V 
range This chome is based on the hmlted stablhtms of  the electrochemmally 
modlfmd or high capacity form of MoS2 at high cathode potentials [3] 
(where it undergoes a transition to a lower capacity form whmh is struc- 
turally very sLmflar to the naturally occurrmg MoS2) and of the electrolyte 
at low cathode potentmls [4] 

The hmlted stabflltms of the active components lead to a gradual 
dechne m dehverable capamty, when the cell is subjected to consecutive 
charge and dmcharge cycles. 

Figure 1 shows an example of such a capamty dechne for a cell whmh 
is discharged at 180 mA and charged at 60 mA between 2 4 and 1 3 V. The 
curve shows a typical S-shape [5], with regmns of high capacity fade at both 
the early and final stages of cyclmg. As will be discussed m more detml 
below, it can be shown that  the regmn of  early capacity fade is assocmted 
with changes occurring m the cathode, while the regmn of  fmal capacity 
fade is assocmted, m this partmular case, with electrolyte depletmn. 

The early capacity fade is affected by the cathode stability m the 
followmg way. the stability of the modffmd MoS2 decreases as its potential 
rises above 2 0 V. This causes the formatmn of the low capamty form as 
the cathode is charged slowly above 2.0 V. Some of the high capacity form 
can be re-formed at low cathode potentmls during the dmcharge at low to 
mtermedmte rates The net result, however, is a loss m dehverable capamty 
as the cell m repeatedly charged above 2.0 V 

To illustrate the effect of a charging voltage above 2 0 V, the capacity 
fade curves of cells repeatedly charged at 60 mA to 2.0, 2 2, and 2 4 V and 
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Fig 1 Cycle hfe curve for  a cell cycled be tween  2 4 and 1 3 V at a discharge cur ren t  o f  
180 m A  and a recharge cur ren t  o f  60 mA 
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Fig 2 Capacity fade curves for cells repeatedly charged at 60 mA to 2 0, 2 2, and 2 4 V 
Cells are dmcharged to 1 1 V at 120 mA 

discharged at 120 mA to 1 I V are shown m Fig. 2. Figures I 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 studms have 
shown that this Is the result of stabilization of the high capaclty form of 
MoS2 due to nnprovement in its crystallmlty [6]. The crystalllnlty will 
nnprove with the number of tunes the cell is cycled in both dtrectlons 
through the phase transition. The ratio of the amount  of high to low capac- 
Ity form present In the stabilized materml depends both on the voltage 
range and the currents used dunng cychng of the cell. This ratio is pushed 
towards the low capacity form when, during cychng, the average cell voltage 
IS high and/or the ratio of discharge to recharge rate IS high. 

The fmal capacity fade m assocmted with the hmlted stablhty 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 sohd product (lithium carbonate) [7]. The breakdown of  the 
salt is less understood. However, it is beheved that  it leads mostly to film 
formation on the electrodes [8] The decomposition at the electrodes 
can either occur vm an electrochemical or voltage dependent  reactmn, 
or wa a chemmal or voltage independent reactmn. Because of the voltage 
dependency, the electrochemmal reactmn takes place only at the cathode/  
electrolyte interface, while the chemmal reaction can occur at both elec- 
trode/electrolyte interfaces. 

The decomposltmn leads to electrolyte depletion and therefore to a 
gradual increase m cell nnpedance. In addition to the depletmn, the elec- 
t rolyte decomposltmn also results in the accumulation of  solid 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 
mcrease in cell impedance. However, thin process can give rise to a much 
more dramatic loss in dehverable capacity towards the end of  cell life. A 
model to explmn the high rate of capacity loss towards the end of  cell life 
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based on  pe rco l a t i on  t h e o r y  has been  p r o p o s e d  b y  Dahn  e t  al [9] .  In  this  
m o d e l  the  c a t h o d e  p o w d e r  is r ep re sen t ed  b y  a n e t w o r k  o f  m d i w d u a l  par-  
t lcles c o n n e c t e d  b y  e lec t ro ly te- f i l led  channels  The  l omc  c o n d u c t l w t m s  o f  
these  channels  are m ode l l ed  as res is tors  As the  e l ec t ro ly t e  deg rada t ion  
p roceeds ,  res is tors  are r e m o v e d  f r o m  the  n e t w o r k  leading to  an acce le ra ted  
increase m i m p e d a n c e  and  decl ine  o f  del iverable  capac i ty  

I t  was  f o u n d  m earlier w o r k  [10]  t ha t ,  fo r  shal low cychng ,  cells achieve 
a m a x m ~ u m  m cycle  hfe  w h e n  t h e y  are cyc led  a round  the  mid-s ta te  o f  
charge.  In this case it was  also f o u n d  tha t  t he  in tegra ted  capac i ty  dehve red  
over  the  full  life o f  the  cell increases as the  d e p t h  of  discharge decreases  
Cycle  hfe  and  m t e g r a t e d  capac i ty  fo r  100%, 60% and 30% D O D. are given 
m Tab le  1 

TABLE 1 

Cycle life and integrated capacity for various depths of discharge 

Voltage range Capacity at cycle 10 D O D Cycle hfe Integrated capacity 
(V) (A h) (%) (A h) 

2 4 - 1 3 0 58 100 650 300 
2 0 - 1 5 0 36 60 1400 400 
1 95 - 1 72 0 19 30 3000 500 

Cycle life defined at 50% of 10th cycle capacity remaining 
Cells were discharged at 180 mA and charged at 60 mA 

E x p e r i m e n t a l  

Cycle  life tests  were  u n d e r t a k e n  on  " A A "  raze L1/MoS2 cells. These  
cells have  a n o m m a l  capac i ty  o f  0.6 A h The  cells are c o n s t r u c t e d  wi th  an 
e l ec t rode  s tack  consis t ing o f  a h t h m m  anode ,  s a n d w m h e d  b e t w e e n  t w o  
ca thodes ,  which  is spirally w o u n d  a r o u n d  a cent ra l  mand re l  [11] .  An elec- 
t ro ly te- f i l led  p o r o u s  p o l y p r o p y l e n e  sheet  acts  as a s epa ra to r  and  is p laced  
b e t w e e n  the  e lec t rodes .  The  area  o f  the  e lec t rodes  is a b o u t  250 c m  2 and  the  
act ive  mass  o f  MoS 2 is a b o u t  8.0 g. The  cell con ta ins  an excess  o f  h t h m m  
(2.5 m o l e  o f  L1 per  m o l e  o f  MoS2) and  t h e r e f o r e  the  cell c apac i t y  is c a t h o d e  
brui ted.  The  e l ec t ro ly te  used m the  cells is a 1 0 M so lu t ion  of  L1AsF 6 m 
a m i x t u r e  o f  50 /50  pe r cen t  b y  v o l u m e  o f  p r o p y l e n e  c a r b o n a t e  and  e thy l ene  
ca rbona t e .  

The  cell vo l tage  p rov ides  a s ta te  o f  charge lndmat lon  due  to  the  chemi-  
cal p o t e n t i a l  change  of  LlxMoS 2 wi th  x [12] .  The  vol tage  hml t s  can  there-  
fo re  be  used  to  def ine  the  degree  o f  charge and  d e p t h  o f  discharge.  

Cells were  charged  and  d ischarged b e t w e e n  f ixed vol tage  hml t s  using 
c o n s t a n t  cur ren t .  The  mic rop roces so r - con t ro l l ed  c y c h n g  e q u i p m e n t  was 
deve loped  b y  Moh Energy  Limi ted .  The  cur ren t s  are set  t h r o u g h  ha rdware  
changes ,  while  the  vol tage  hml t s  are set t h r o u g h  so f tware  The  cu r ren t  range  
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of  the equipment is 1 mA - 1 A, with an accuracy of  +1% of the set value; 
the voltage range IS 0 -  9 V with a resolution of 5 inV. The voltage-t ime 
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 life is of ten defined at the pomt where the bat tery has 50% or 
80% of its initial capacity remaining For the MOLICEL battery,  cycle life 
is defined at the point  where the battery has 50% or 80% of its 10th cycle 
capacity remaining. The reason for thin chome is associated with the charac- 
termtlcs of the cathode, as explained earher. Definitions of cycle life with 
50%, as well as with 80% of the 10th cycle capacity remmnmg at the end of  
life, are both bemg used here. This is done to distinguish between cells that  
lose dehverable capacity slowly towards the end of life and cells that  fall 
with a rapid loss of  capacity. 

The useful life of the cell can also be expressed in terms of  the rote- 
grated capacity dehvered over the life of the cell, rather than the total  
number of  discharges. The use of  Integrated capacity has the advantage tha t  
it takes into account the change in capacity dehvered by the cell m 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 lncreasmg 
cycle number 

" A A "  size L1/MoS2 cells were discharged at currents varying over nearly 
two orders of magnitude (30 mA - 1 A) while being charged at the standard 
current of  60 mA. The useful hfe of  the battery was determmed both in 
terms of cycle hfe and integrated capacity. The results are presented in 
Figs. 3 and 4, showmg cycle hfe and mtegrated capacity, respectively, as a 
funct ion of discharge current. 

Both Figures show two characteristic features 
(1) three distinct regions whmh can be associated with different mecha- 

nisms controUmg the end of life of the battery,  
(n) a maxtmum m useful life of  the battery at a discharge current of  

around 200 mA. 

Discussion 

H~gh dzscharge rates 
In the region of high discharge rates of three hours or less, the kinetic 

stablhty of the electrochemmally modified high capacity form of  MoS2 
plays an important  role. As the discharge rate is increased for a cell charged 
to 2.4 V, two changes occur In the capacity fade curve. These changes are an 
increase m the rate of capacity fade during the early cycles and the absence 
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Fig 4 Integrated capacity over the hfe of the cell as a function of discharge current 
Life of the cell defined as number of cycles achieved until 50% or 80% of 10th cycle 
capacity remains Cells are cycled between 2 4 and 1 I V, with a recharge current of 
60 mA 

of  a drastm r e d u c h o n  m this rate o f  fade af ter  a b o u t  ten  cycles, see Fig. 5. 
As was m e n t i o n e d  m the  In t roduc t ion ,  the  rat io o f  low to  high capac i ty  
f o r m  increases with increasing discharge cur ren t  This is associated w]th the  
slow kmetms  o f  the  phase t ranmtlons,  whmh causes a budd-up  of  the  low 
capac i ty  f o r m  d u n n g  the slow recharge,  wi th  no deple t ion  o f  this fo rm 
taking place dur ing the  fast discharge and,  m addi t ion ,  no  s tablhzat lon  o f  the 
high capac i ty  form.  

The capac i ty  loss occur r ing  at high rate discharges is no t  Lrrevermble 
The capac i ty  can be regained t h rough  a low rate discharge. Figure 6 shows 
tha t  the ex t ra  capac i ty  at  cycle  # 1 3 7 ,  as the  result o f  a dBcharge at 120 mA,  
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Fig 6 Vol tage  curves  of  cells d ischarged at  120 m A  to  1 1 V One cell was p revmus ly  
dmcharged  136  t imes  at  1 0 A to  1 1 V, and  the  o t h e r  cell t h r ee  t imes  a t  120 m A  to  
l l V  

m dehvered at a cathode potential  where the low to high capacity phase 
convermon occurs [3].  

It should be emphasmed that the high rate of  capacity fade for high 
rate dmcharges can be drastmally reduced by restricting the charging voltage 
to 2.2 V. In other words, dehverable capacity can be traded for discharge 
rate capability. 

Intermedmte dzscharge rates 
At dmcharge rates ranging from more than three hours to less than ten 

hours, cycle life is no longer determined by the stablhty of  the cathode but,  
instead, by the stablhty of the electrolyte m contact  with the electrodes. In 
this region of  intermediate dmcharge currents cycle hfe becomes shorter as 
the discharge current decreases. Thin m predominantly thought  to be a t ime 
effect,  z e ,  at low dmcharge currents cells are being discharged for  a longer 
period of time, resulting m more electrolyte decomposi t ion per dmcharge 
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Fig 7 Cycle hfe  as a f u n c t m n  of  discharge cu r r en t  m t he  r e g m n  of  i n t e r m e d i a t e  discharge 
ra tes  Cycle hfe  def ined  a t  50% of  1 0 t h  cycle  capac i ty  r ema in ing  Cells are cycled  be- 
tween  2 4 and  1 3 V and  b e t w e e n  2 4 and  1 1 V w i t h  a recharge  c u r r e n t  o f  60 m A  

and therefore  a decrease m the number  of  discharge cycles This explanation 
assumes tha t  a slgmflcant por t ion of the electrolyte decomposi t ion occurs 
during discharge of  the cell. 

It should be noted  here tha t  the rate of  electrolyte breakdown on 
open clrcmt stand is very small. Evidence for th]s comes f rom the fact that  
cychng tests with a 5 h open clrcmt stand mserted after each discharge, do 
no t  show a degradation m cycle hfe Fur thermore ,  the cells have a good 
shelf hfe whmh far exceeds the length of  the cycle hfe tests reported here. 
This difference m the rate of  breakdown is most  hkely due to the formatmn 
of  passwatmn layers on the electrodes 

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

Low d~scharge rates 
At very low discharge rates of  ten hours or more, cycle hfe is still 

controlled by the stablhty of the electrolyte.  In this region electrolyte 
decomposi t ion leads eventually to  a low ]mpedance fmlure (or short  forma- 
tion) durmg charge and not  a high Lmpedance failure, as is the case for 
the higher discharge currents. This failure is most  hkely due to  the non- 
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uniformity of the charge current density z e ,  local areas of high current 
caused by the deposition of electrolyte breakdown products. It is known, 
in general, that  high charge currents lead to the formation of h thmm 
dendrites whmh, m this case, form locally in regmns of high charge current 
denmtms. These dendrites lead to shorts before the cathode becomes com- 
pletely reactivated as a result of the accumulation of sohd breakdown 
products. The assumed role of poor h thlum morphology m the cell failure 
at very low rate discharges is supported by the fact that  the formation of 
shorts can be avoided when the charge rate is lowered from 60 mA to 
30 mA. As is shown m Fig. 8, the incidence rate of shorts is mcreased by 
Increasing the charge current density. 

All cycle life data shown m 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 formatmn decreases with decreasing charge current At 
a recharge current of 120 mA nearly 100% of the cells fall due to short 
formation,  while at 60 mA, 50% fail due to short formatmn and 50% due to 
an increase in 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, in the latter case the cell fails via a gradual loss in 
dehverable capacity, due to an increase in cell impedance, at a much higher 
cycle number. An example of this is 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 hfe  as a func t ion  of  recharge cur ren t  at  a f ixed discharge cur ren t  Cells are 
cycled be tween  2 4 and 1 1 V, wi th  a discharge cur ren t  of  120 m A  Cycle h fe  def ined  as 
the  number  o f  cycles achmved before  a shor t  occurs  
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In tins regmn of very low discharge currents, cycle hfe 1Lmlted by short 
formation is not  much affected by the magmtude of  the discharge current. 
Tins could be understood ff it is assumed that  for very low discharge currents 
the electrodes remmn more or less undisturbed (t e ,  passlvated) during 
discharge 

Pulsed current d~scharges 
For many practical apphcatmns, discharges are done m a pulsed mode, 

alternating high current pulses with low current standby periods. Examples 
of such apphcatmns are two-way radms, cellular phones, data transmitters. 
In this case cycle life predlctmns cannot be based on the response of the 
battery to the minimum or maximum discharge current, or to their average 
In general, the cycle life is slgnffmantly longer. Two examples given here 
are two-way radio and cellular phone apphcatlons 

In the two-way radm test the battery (six cells serms-connected) was 
discharged between voltage hmlts corresponding to 2 3 and 1 1 V/cell with 
currents of 1 0 5 0 m A  for 5s ,  1 4 0 m A  for 5 s  and 3 5 m A  for 90s.  The 
battery delivered 0 52 A h at the 10th cycle, with a cycle hfe of about 
500 and an integrated capacity of 215 A h (to 50% of the 10th cycle 
capacity) 

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

Conclusmn 

Most manufacturers of rechargeable batterms quote cycle life as a 
smgle-valued number This is an over-simplification since the cycle hfe 
performance depends greatly on a large number of  operating conditions. 
This is shown to be true, m particular, for the discharge rate of a recharge- 
able hthlum battery 

At very high discharge rates, the dehverable capacity shows a con- 
tmuous decline in 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 tins accumulation, r e ,  cathode degradation, increases with 
increasing rate of  discharge, and therefore cycle hfe decreases as the dis- 
charge rate increases The rate of capacity loss, however, can be slgnlfmantly 
reduced by restrmtlng the charging voltage to 2 2 V 

At intermediate discharge rates, decomposition of the electrolyte is 
the mmn degradation process, with the loss of electxolyte and the deposition 
of sohd decomposl tmn products on the electrodes and in the separator 
pores leading to eventual cell failure Even when the rate of electrolyte 
breakdown is Independent of discharge current, the total amount  of  elec- 
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t rolyte  decomposition per discharge will increase with lower discharge 
current because of longer discharge times. Therefore m this region of dis- 
charge currents, cycle life decreases as the discharge current decreases 

At very low discharge rates, decomposition of the electrolyte IS still 
the mare degradation process. However, rapid increase In current non- 
uniformity,  giving rise to h thmm dendrites on charge, leads to cell failure 
m advance of that  due to the accumulation of breakdown products m the 
cathode. This low Impedance failure can be avoided by reducing the charge 
current With the standard charge current of 60 mA, there is no observable 
effect of  discharge current on cycle life m this region. 

For discharges lnvolwng mixed currents, typical for many practmal 
applications, the behavlour of the cell is not  dictated by the maximum, 
mm~num or average discharge current. Cycle life is generally significantly 
longer than would be predicted from these currents. 

In none of these proposals does the h thlum anode by itself hmlt  the 
cycle life of the L1/MoS2 cells This is consistent with the observation that  
all cells disassembled after cyclmg contained malleable anodes, showing 
electrochemically achve hthmm. 
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List of  symbols 

D.O D. 
R 
C/n 

Depth of discharge 
Discharge rate 
Value of discharge rate corresponding to a full discharge In n hours 
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