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INTRODUCTION

Considerable effort has been focused in receat years on the development
of rechargeable ambient temperature lithium batteries., This sffort has
been spurred by the expectation that such batteries would have many of
the desirable characteristics associsted with mom—rechargeable 1lithium
batteries. These characteristics include bhigh gravimetris enezgy
density (energy per unit weight) volumetric emergy demsity (emergy per
unit volume) and long charge retention times (10 years or more).

The major obstacle to overcome in the development of secondary lithium
batteries has been the development of a reversible anode. A secondary
obstacle has been the development of a low cost, high discharge rats
cathode. Significant progress has been made in overcoming these
obstacles with the development by Moli Emergy Limited of the lithium
molybdenum disulifide system.

The energy demsity of the lithium molybdenum disulfide system as
manifest in practical cells is substantially higher than that of other
rechargeable systems. In the first state of development the volumetris
energy density of the 1lithium molybdenum disulfide szystem is
spproximately 50% higher than that of state—of-the—art Nicad and
proportionately higher than that of sealed Pb—acid., With <recent
advances of the system, the energy density can be improved to the poiat
where the volumetric energy demsity advantage over Nicad is greater
than 100%. The charge reteation capability of the system has salsc
proven to be excellent, with a charge retention time im excess of &

years.

The characteristics of the lithium molybdenum disulfide system sare
ideally matched to the power requirements of devices where light weight
and low volume are of concern, particularly where they are subject to
intermittent use with long interspersed standby periods when the device
is not connected to a primary power source.

In this paper are presented some of the advances in the performance
cheracteristics of 'C’' size cells that have boen made during the past
year with a new electrolyte formulation, The characteristics of °C°

cells with 11"110 previous electrolyte formulation have been published
elsewhere and can be summarized as follows:
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HIGH ENERGY DENSITY

The energy density of a 'C’ size cell is in the range of 60 to 65 watt
hours per kilogram at a discharge rate of 800 milliamperes. At rates
of less than 100 milliamperes, the energy density is increased to about
70 watt hours per kilogram,

HIGH RATE CAPABILITY

Sustained drain rates of 5 amperes at a cell voltage between 2.3 volts
and 1.3 volts can be obtained at 21° C.

INHERENT SAFETY BELOW 110° C

Electrical, mechanical and thermal abuse tests have shown the ’'C’ size
cell to be resistant to venting or rupture for cell temperatures below
110° C, These tests are described in a sepsrate article - 2),

VIDE AMBIENT TEMPERATURE OPERATING RANGE

Sustained drain rates of at least 1 ampere, with a cell voltage above
1.3 volts, can be maintained at temperatures from -12° C to 70° C.

CHARGE RETENTION CAPABILITY
The ‘C’ size cells have a charge retention time in excess of 8 years.
STATE OF CHARGE INDICATOR

The open circuit voltage of a cell decreasses approximately linearly
with increasing depth of discharge. This provides a simple and
reliable state—of—charge indication.

HIGH ELECTRICAL EFFICIENCY

The overall round trip energy efficiency for a ‘C’ size cell at a
discharge rate of 800 milliamperes and a charge rate of 250
milliamperes is in excess of 90%.

LEAKPROOF CONSTRUCTION

The 'C’' size celis are hermetically sealed and no leakage or gassing
should occur during either storage or normal usage. The cell contents
are unpressurized.

CELL CHEMISTRY AND DESIGN

The lithium molybdenum disulfide system utilizes a lithium metal anode
and a molybdenum disulfide cathode. The molybdenum disulfide, obtained
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as a naturally occurring mineral is processed so as to alter its

crystal structure to allow reversible iatercalation, or dissolution of
lithium within the crystal lattice. The discharge reaction for the

system is thus represented as follows:
x *Li + NoSy3 ——> LiNoS;

The ratio of lithium in the cathode material, demoted by x, can vary
from about 0.2 to about 1.0,

Proprietary concepts have been developed at Moli Energy Limited which
allow the recharge reaction ,

LiyMoSy > x:Li + MoS2

to proceed whereby the lithium dissolved in the cathode material is
extracted and lithium is plated, in s smooth fashion, back on to the
lithium metal anode. The advanced cell chemistry utilizes a new
electrolyte formulation which improves lithium plating and the kinetics
of discharge and charge reaction over cells with the previous
electrolyte formulation,

The ‘'C’ size lithium molybdenum disulfide cell is constructed in a
spirally wound format. The cathode is electrically connected to a
central mandrel which in turn is attached to the centre terminal of the
cell. The electrodes are separated by a microporous polymeric
separator. The total geometrical surface area of each electrode is
about 750 square centimeters.

The cell is hermetically sealed utilizing welded construction and a
glass~to-metal seal. Two safety vents are incorporated into the cell

to allow for the controlled release of excessive pressure should the
cell be subject to extreme abusive conditions. The vents are coined
at both ends of the cell case.

DYNAMIC PERFORMANCE OF 'C’ CELLS

A number of standard tests have been devised to evaluate the
performance of the 'C’ size and other molybdenum disulfide cells.
These include a charge and discharge profile test, standard cycling
tests and discharge rate capability tests. Test results of advanced
'C’ cells are given in this paper. ’

A typical charge/discharge voltage profile is shown im Figure 1. In
this case the 'C’ cell was discharged at 840 milliamperes to a voltage
cutoff of 1.3 volts and charged immediately following the discharge at

280 milliamperes to a voltage cutoff of 2.4 volts. This
charge/discharge sequence defines one standard oycle. The profile
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given iz for the tamth sush selil syels. ﬁmﬁ@x these sonditioms ths
voltage profile is ipdepondent of the two slisctrsiyis formmistions
nsad., The roumd trip szorey officiensy 23 calounieted from the results
shown im Figers L iz sbout 228%.

A standsrd oyoling test iz definsd by o seyusnce of standard oyeles
which ars performesd withowt ¢ims Isg. ¥This test is sontissed uatil the
coll cepasity falls to & presslested sapasity walue.

Gemerally the deliveresd osepsoity f2iles gredusily with iﬁ@m@@@img zvmber
of cycles: theve lg ae preciplicsms lese iz sepscity which defines end
of 1ifs. Ths fulinres wode of ths sells iz g gradesl ineresss im cell
impedanse with an ivoreasing sumber of aysliss. The capasslity of a
typical °CY esll as & fumetiosn of syslec nuwbsr vader the stasdard test
conditions ig showe im Figuges 4. The cysle 1ifs of e¢slls with advanced
gloctrolyte formmistiom 1s ¢wise or mowxe that of esils with the
previcus slectrolivte formeulatica.

Figuzrs 3 shows the capseity of ‘07 eelils sz 2 fumsction of cyols anumber
for two diffsrent depths of discharge. The dopth of discharge is
roduced by merzowing ths volitags rssge o8 sycling. Dats preseanted here
ars of sy@%img tosts whish ars &iaﬁ? in progress.

The stamdard discherge vate cepability test is condusied sgs fellows. A
cell iz charged at 280 miiilsuperes wntil thes sell voltsge reaches 2.4
volts., The eell is then discherged st the highest dlischarge rate at
which the deliversd capssity of ths o8ll is to be measwred. The
discharge l¢ terminated whon the cell woltage on discharge falls to 1.3
volts. The opll 1s then rxestsd oz opor ecirsvit for g times sgmal to
that of the iumest comploted dischzrges. Thse cell iz thezn further
discharged at =z dischargs zete., egeel to ome Lelf of ths rate om the
provioms discharge agsim wmwrtil the oeil voltsge falls to 1.3 volts.
The delivered csll capacity at this lower rsts ls then fzken to be the
sum of the dischsrge ocupacitiss for the two dlscharges., The scell is
then rested again for w pericd of time sgual to ths totsl slapsed tims
from the bsglaning of the first digcharge, and the csll is digchazrged
at ons gmarter of the dunitiel discharge rets. The dsliivered cell
capacity et this rate iz then faken to bs ths sum of the czpscities of
the oells for all discharges unaodertsksn simce the oell was charged.
The process is zepsated wuwantil the discharge rate has besn reduced
saccossively by one helf wutil the zeslized capasity at the lowsst rate
dssizsd has besn messured. This prossduye hes besn found to give
sguivalent zesulte to thoszs obinined whea ths sell is fully charged
before sach discharge at the desized rates or to those obtained when
matched fully chazrgsd eells are discherged at different rates. The
deliverabls °‘€° esll capecity 28 & fuuction of draim rate for
suvironmental tempsratures of 220C, -20°C, eud -30°C iz showa im Figure
4. The ¢ell iz cepable for suetuined dischargs onrrents in excess of 5
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amperes at room temperature, in excess of 1 ampers at -20°C, aud .5
amperes at -30°C, respectively. This represents a substantial imcreass
in low temperature rate capability over cells unsing ths previoms
electroiyte formulation.

The advanced electrolyte formulstiom emsbles a larger capacity to bs
realized from the ’'C’ cells because the cells can bs charged to a
higher voltage, and discharged to & lower wvoltage tham ocsm cells with
the previous electrolyte. This is possibls becanss of the improved
kinetic stability of the electrolyte. Durimg dischargs, the ope=n
circuit voltage varies betweem 2.5 volts for s fully charged cell aand
1.1 volts for a fully discharged cell. The °C° c¢cell will deliver 3
ampere hours on its initial cycle when cycled im this way. and will
deliver in excess of 2 sampere honrs even after 150 desy sycles. A
modified cycle life test similar to the standard cyecle 1life test was
performed on these cells, but where the voltage for teramimatiom of
charging is 2.6 volts rather tham 2.4 volts as it iz for ths standaxd
test, and the voltage for termination of discharge iz 1.1 wolts rather
than 1.3 volts as it 1is for the standard tests. The charge aud
discharge currents used were identical to those wused in the standard
test. The realized capacity of & cell as s fumction of cycls numbssx
for the modified test is shown in Figure 6. The smergy demsity of ths
'C’' cell with improved electrolyte unsing the extended voltags rangs is
about 90 watt hours per kilogram.

The effect of environmental tempersture om discharge woltage profiles
for cells cycled over the extemded voltage ramge ig shown in Figure 7.
At a temperature of -10°C, a capacity in sxcess of 2 ampere hours csa
be achieved when the cell voltage iz allowed to drop to .9 volts.

The effect of various discharge currents on ths cell woltage profiis is
shown in Figure 8, Discharge conrrents of 10 amperes csn be sustained
for more than 9 minutes corrssponding to a ¢s8ll capacity of 1.6
ampere hours before the cell voltage drops to .9 wolts. This incresssd
rate capability is due to the charge im slectrolyte which has csmsed
the a.c. impedance of the cell measured at a freguemcy of 1 Hertz to
drop from & value of 80 milliohms to abouwt 60 milliohme.

OTHER PERFORMANCE ATTRIBUTES

The lithium molybdenum disulfide cells with the improved slsctroliyte
formulation have proven to be very stable on open cizecuit stand.
Although direct measurements of charge retemtion times have not yst
been completed, microcslorimetric techniqmes have besn ussd to comparse
charge loss rates of cells with the advanced electzolyte formmlstiom
with cells of the previous chemistry., The ocharge losz =zate iz
projected to be less than 8% per yesar.
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oul, mschanical, and thermsl sbuszs tests, are being performed to
izh ths ranges of safe operstiom for cells with the advanced
rolivts {ormuletion end the improved vent system. Experiments

LONCLUSICH

The lithinm molvbdeoanunm disnlfids system azs demomstrated im a °C’ sgize
s6il, offsrs aittrastive performsmcs characteristics for applications
where 1ight weight and low volums are important. A gravimetric energy
donsity of 20 watt hours per killogram cam be achieved in a °C° size
ssll packapgs. The combilunation of execellemt charge reteation
capebilities, high snsrgy density and 8 state—of-charge indicator in a
rochargosble csll provides am idesl power package for a wide range of
devices. The sysitem overcomes the "memory’ effect im Nicads where the
fll oapacity of the battsry cannot be wuwtilized wunless the full
sepacity of the battery wes willized om previows cycles. The
development of csliz with sm advanced slectrolyte formulation has led
t0 an lmproved rate capabllity eepscially at low temperatures and to a
sigrificantly ilmproved sycle 1ifs.
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FIGURE CAPTIONS

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 17

Figure 8

Charge/discharge profile for & ‘C’ cell oycled im the
standard voltage range. Charge ocurrent 280 mA,
discharge current 840 mA. Cell at cycle number 10,

Capecity vs. cycle number for g ‘C’ cell cycled in ths
standard voltage —range. Charge current 280 mA,
discharge current 840 mA.

Capacity vs. ocycle number for ‘C’ cg¢ells e¢cycied to

different depths of discharge.
1: Cell cycled between 2.2V and 1.6V

2: Cell cycled between 2.2V and 1.8V

Capacity vs. discharge corrent for three different
tempersatures. ‘C’ gsll at cycle number 10,

" Charge/discharge profile for a °‘C’ cgell cycled over the

extendsd voltsge ~range. Charge current 280 wmA,
discharge current 840 mA. Cell at cycle number 1.

Capacity vs. cycle number for a ‘C’ cell cycled in the

extended voltage range. Charge curreat 280 mA,
discharge current 840 mA.

Discharge profiles for °C’ cells at three different
temperatures at a cerreat of 840 mA. Charged at 280 mé
to 2.6 V. Cell at cycle numbar 1,

Discharge profiles for °‘C’ cells for wvarions discharge
currents. Charged at 280 m& to 2.6 V. Cell at cycle
number 1.
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Figure 1 - Charge/discharge profile for a 'C' cell cycled in the standard voltage range.
Charge current 280 mA, discharge current 840 mA. Cell at cycle number 10.
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Figure 2 - Capacity vs. cycle number for a 'C' cell cycled in the standard voltage range.
Charge current 280 mA, discharge current 840 mA.
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Figure 3 - Capacity vs. cycle number for 'C' cells cycled to different depths of discharge.
1: Cell cycled between 2.2V and 1.6V
2: Cell cycled between 2.2V and 1.8V
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Figure 4 - Capacity vs. discharge current for three different temperatures.
cycle number 10.

5

'C' cell at



06

CELL VOLTAGE

S |

(HY) ALIOVAYD 3ZNV3Y
2

CJJL—

Figure 5 - Charge/discharge profile for a 'C' cell cycled over the extended voltage range.
Charge current 280 mA, discharge current 840 mA. Cell at cycle number 1.
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Figure 6 - Capacity vs. cycle number for a 'C' cell cycled in the extended voltage range.
Charge current 280 mA, discharge current 840 mA.
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Figure 7 - Discharge profiles for 'C' cells at three different temperatures at a current
of 840 mA. Charged at 280 mA to 2.6V, Cell at cycle number 1.
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Figure 8 - Discharge profiles for 'C' cells for various discharge currents. Charged at
280 mA to 2.6V. Cell at cycle number 1.






