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1. INTRODUCTION

The developmentof hightemperaturecellscontaininglithiumand sulfur
electrodeswas initiatedat ArgonneNational laboratory in the late 1960s
[1, 2] and has continuedat Argonneand at several industriallaboratories.
Earlyemphasiswas placedon the developmentof a pitsmatic LiAVFeScell
targetedto batteriesfor the electdcvan market. This technologyhas been
supersededbya morepowerfulsystem,whichemploysa two-phaseU-alloy
negativeelectrode,a LiCI-richUCI-UBr-KBrmoltensalt electrolytewithlower
melting point than the UCI-KCl used earlier, and eitheran upper-plateau
(U.P.) FeS2 or an FeS positive electrode assembled into an "electrolyte-
starved" bipolarcell configuration[3]. Use of UsAIsFe2 with the two-phase
U alloy (a + 13)-U-AInegativeelectrodematerialprovidesin situ overcharge
tolerancethat rendersthe bipolardesignviable. The combinationof dense

" U.P. FeS2 electrodesand low-meltingelectrolyteproducesa stable and
reversibleelectrochemicalcouple with highpower capabilities,capable of
achieving over 1000 cycles. In addition,a familyof stablechalcogenide-
based ceramic sealantswas developed that produce high-strengthbonds
betweena varietyof metalsandceramics,whichrenderslithium/ironsulfide
bipolarstackspractical. Full-sizebipolarLi-AVFeSand U-AI/FeS 2 cells (13-
cm dia)andfour-cellstacksusingthese seals are beingbuiltandtested for

: the electric-vehicle(EV) application.

The overall electrochemicalreactionfor the Li-AI/FeSand U-AI/FeS2
cells can be writtenas:

2Li-AI+ FeS ,, Li2S+ 2AI + Fe
2Li-AI+ FeS2 - Li2FeS2 + 2AI

The theoretical specific energies for the FeS and U.P. FeS2 cells are
approximately450 and 490 WWkg, respectively. The open-circuitvoltage
plateausof these cellsare about1.34 V for the FeS and1.76 V forthe FeS2.

Thermal managementof thesebatteriesrequiresa containmentvessel
that employshigh-efficiencythermal insulationto maintainthe cells at the
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operatingtemperature(normally-450°C) and does not imposeexcessive
weight,volume,or thermallosspenalties.

2. CHEMICAL HAT__RDSAND TOXICITY

The useand/orformationof chemicallyhazardousor toxicchemicalsin
the lithium-alloy/ironsulfidebatteryis limitedby the intdnsicallysafe nature
of the chemistryand electrochemistryof the system. The chemicallyand
electrochemicallyactiveelements,lithiumand sulfur,arenotpresentin their
elemental form but are combined with other elements to form alloys or
compounds,e.g., lithiumisalloyedwith aluminumand iron,whilesulfurmay
exist in the form of several compounds (FeS, FeS2, UiFeS 2 or U2S).
Combining the active elements with these other elements significantly
reducestheir chemicalactivity. Further,these materialsare dispersedand
coated with a noncombustiblemoltensalt electrolyte. Thus, an important
inherentsafety mechanismis providedby the moltensalt electrolyte,which
coats the surfacesof all the active materials.

In a severe vehicle collision,it may be possibleto rupturethe battery
containment vessel, as well as the containment vessels of cells in the
battery. Evenin this scenado,the resultingchemicalhazardswillbe minimal
and somewhat dependent on environmentalfactors. Under dry weather
conditions, no direct chemical hazards are posed by the exposed cell
chemicals,becausethe activechemicalsare coated by the protectivelayer
of alkali halide electrolyte. Under wet weather conditions, water could
graduallydissolvethe protectivesalt layer and react withactive chemicals
to form alkaline lithium compounds, H2, and/or SO2. Althoughthese
compounds pose several types of hazards, their levelswill be lower than
those posed byother typesof EV batteries,because they are notavailable
for immediate release. Many of the other types of EV battedes contain
significantquantitiesof toxicchemicals,suchas the highlyalkalineor acid
electrolytes,thatare releasedimmediatelywhenthe batterycase isruptured.

3. THERMAL HAZARDS

The cells are sealed and contained withina gas-tightdouble walled
battery case [4] that uses a vacuum-multifoilinsulationfor heat retention.
During normaloperation,the cells are keptat about425°C. However,due
to the highefficiencyof the insulation,the outercase temperatureremains
within10°Cofambienttemperature.This systemprovidestriplecontainment
for the active materialsof the cell, i.e., the sealed cell backed up by the
doublewall ofthe batterycase, whichis furtherreinforcedby mutiplelayers
of aluminumfoiland glassfiber paper.

Ifan accidentalpunctureor ruptureof the batterycase resultsinthe loss
of the vacuum,the outersurface temperatureof the battery case willdse
slowlyto 100-150°C, while the insidetemperaturewill fall, resultingin the
solidificationof the moltensaltelectrolyteand lossof battery power. This
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resultsin no specialhazard otherthan thepossibilityof a skinbum should
the batterycase be touched.

4. HAZARDS POSED UNDER ELECTRICAL ABUSE

The normalchargeand dischargereactions in Li-AVFeSxsystemsform
solidproductswithoutgaseousside reactions,therebypermittingthese cells
to be sealed and eliminating the need for electrolyte replacement or
maintenance.

With the U-AI/(U.P.)FeS2 cell, the normal charge cutoffvoltage (IR-
included)is 2.01 V, andthe reversible(IR-free)voltageisapproximately1.76
V. When the cell isdrivenintooverchargebeyondits overchargetolerance
capability,the firstreactionoccursat about2.4 V (IR-free) and is

2LICI + FeS2 + 2AI - 2UAI + FeCI2 + 2S

This reaction involves(1) the anodic oxidationof the FeS2 to FeCI2 and
sulfurinthe positiveelectrodeand (2) the depositionof additionallithiumin
the U-alloy electrode. Similar to a life-limitingmechanism in FeS cells,
lithiumand FeCI2 becomedissolvedin the electrolyteand react chemically
with the dissolvedlithiuminthe electrolyteto form depositsof metalliciron
in the separator. This resultsin a partiallyor totallysho_ed cell.

When the lithium-limitedU.P. FeS2 cellis discharged,a cutoffvoltage of
1.35 V is normallyused. Shouldthe cell be driveninto overdischarge,the
sequentialreactionsare:

2 AI + 3 Li2FeS2 - AI2S3 + 3 Li2S+ 3Fe
Al(anode) -. Al(cdx_e)

Forboth FeS andU.P. FeS2batteries,theoverchargeandoverdischarge
reactions result in the formation of short circuits in the cell, with an
accompanyinglossof columbicefficiency. No pressurebuildupdue to gas

-. generationoccurs.

5. SAFETY TE_;TSAND EXPERIENCE

The historicalsafety recordofthe U-alloy/metalsulfidebatteryduringits
development has been excellent. Hundreds of prismaticlaboratoryand
engineering-sizecells have been built and tested at ANL and at several
industrialfirms withouta safety problem. This recordclearly reflectsthe
intrinsicallynonhazardousnatureof the chemistryand electrochemistryof
the system.

The eadiestsafetytestconductedat ANLsimulatedtheeffectof a short
circuitcaused by a rupturedseparator. In this study,a negativeelectrode
and a positiveelectrodewere heated to operatingtemperatureand then
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physically contacted to examine the effects of this extreme condition.
Althoughthe temperaturerose slightly,fulldischargeof the electrodesvia
a direct short circuitwas prevented by the reaction product,U2S, which
formed an insulatinglayeron the pos_ve electrodesurface.

Anotherexperimentwas conductedinwhicha cellwasoperatedinan air
environmentrather than the normalargoncover gas. The only observed
effect was the slightoxidationof cell components.

.°

Simulated crash safety tests were conducted at the Budd Technical
Center in 1977 [5]. Several unprotectedfull-scaleU-AI/FeS prismaticEV
cells at full charge were subjected to drop tower tests at operating
temperature(-450°C) to simulatethe impact of a 30 mph(48 kin/h) barder
crash inan air environment.Althoughthecell cans ruptured,no explosion,
tim,or releaseof noxiousgas wasnoted. A smallamountofelectrolytewas,
however, releasedfromthese electrolyte-floodedcells.

In 1979, two20-kWhbatteries,consistingoffull-scaleUAI/FeS prismatic
EV cells,were constructed. Duringstartuptesting,shortcircuitsdeveloped
and propagatedwithinoneof the batteriesso thatmostof thestored energy
of the battery dischargedin about 20 min [6]. The failure was later
determined to be caused by either electrolyteleakage or electricalarcing
between the cells and adjacentbattery hardware. Althoughinternalspot
temperatures rose to -1000°C, the outer battery case temperatureonly
reached 130°C, andno externalbreachof the batterycase occurred. Even
underthese extremeconditions,the individualcellcaseswere not breached.
An additionalsafetycharacteristicof theLi-AI/FeS2cellistheentroeiccooling
associatedwiththe dischargereactions,whichhelpscounterthe I*=Rheating
andtherebysuppressesthe tendencyforexcess temperaturerise underan
intemalor extemalshort-circuitcondition.

A preliminaryassessmentof possible hazardsassociatedwith battery
operationis summarizedinTable 1.

6. CONCLUSIONS

Althoughextensivesafetytestson Li-alloy/FeSxbatterysystemshave not
been conducted,those that have been reaffirmourcollectivedevelopment
experience, whichindicatesthat these batteriesare inherently safe. This
could be a significantadvantage in the commercial developmentof this
bakery forEV applications.It is unlikelythat anyelaboratesafety featureswill
have to be engineered into Li-alloy/FeSx batteries to meet the safety
requirementsfor EV applications. This alleviates concernswith systE;m
complexity and cost, whichoften accompany the incorporationof safety-
relateddesignfeatures.Moreextensivesafety testswillbe conductedas part
of the ongoingdevelopmentprogramto validatethisconclusion.
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TABLE 1. PRELIMINARY HAZARD ASSESSMENT
| i i - , ii i, ,, i i,,i , ii i, i

Con3x)nent FailureMode Consequences/HazardAssessment
11 i ill ill ii i

Cell Short Circuit Cell heating. Controllablewithcooling
(internal) subsystemsized to handlemaximum

chargingrate. Furtherevaluation
planned.

. ElectrolyteLeak Cell-to-cellor cell-to-caseelectrolyte
bridging. Gradual loss of capacity
associatedwithaffectedcells. Contained
by batterycase. Furtherevaluation
planned.

Feedthrough Cell heating. Lossof cellvoltageand
ShortCircuit capacitybut battery remainsoperational.
(prismatic) Littleor no hazard.

Insulated Lossof Insulating Outer case temperaturedsesto 100-
Case Quality(vacuum) 150°C. Electrolytefreezes and

encapsulatesthe active materials. Skin
bum hazard ifcontact made with battery
case.

Lossof Cellsat about425°C are exposedto air.
Containment Electrolytefreezes. Slow oxidationof cell
(Ruptureof case) components,e.g., copper intercell

connectors. Littleor no hazard except for
skinbum if contact made withcells.

Assembled ShortCircuit Temperaturerise of cellscontrolledby
Battery coolingsubsystem. Temperature rise

could cause irreversibledamage to cells.
Safely containedwithinbattery case.
Further evaluationplanned.

Thermal Overheatingof cells may cause
Management prematurecell failure. Allowingcellsto
System freeze cuts offbattery power. Cellscan

be reheated backto operating
temperaturewhen managementsystemis
corrected.

Charger OverchargeCells Cells damaged(shorted)irreversibly.Cell
temperaturerisecontrolledbycooling
subsystem.
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